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Abstract 
 
The SAGA family of coactivators is a group of highly conserved histone acetyltransferases 
that is essential for transcription of genes participating in stress adaptation and developemental 
processes. Misregulation of SAGA function can lead to developmental diseases and cancer. One 
important function of SAGA in regulating gene expression is to acetylate nucleosomes at both gene 
promoters and coding regions. To understand the molecular mechanism of nucleosome acetylation, 
much work has been done using recombinant Gcn5, the catalytic subunit of SAGA, and histone 
proteins or peptides. However, little is known about how histones are acetylated by full SAGA 
complex in the context of chromatin and how this relates to expression of SAGA-dependent genes. In 
this study, we performed histone acetyltransferase (HAT) kinetic assay using purified SAGA complex 
and reconstituted nucleosomal arrays. We found that SAGA complex acetylates nucleosomes in a 
highly cooperative manner with a cooperativity coefficiency of 1.97 ± 0.15, suggesting that its 
maximal acetylation activity can be augmented by binding to multiple nucleosomes. Next, we 
explored the requirement for cooperative nucleosome acetylation with respect to substrates and 
SAGA enzyme complex, respectively. To determine the substrate requirement for cooperativity, 
various novel nucleosomes were generated and investigated through HAT kinetic assay. We found 
that SAGA-mediated cooperativity occurs only when both histone H3 tails are present and properly 
oriented in the nucleosomes. Furthermore, the four acetylation lysine residues on both H3 tails must 
be present and unacetylated. To determine factors in SAGA complex required for cooperative 
nucleosome acetylation, we performed HAT kinetic assay using a SAGA trimeric subcomplex 
composed of Ada2, Ada3, and Gcn5 and our studies showed that these three subunits are the minimal 
requirement to recapitulate SAGA-mediated cooperativity. Additionally, we discovered a novel 
regulatory mechanism of SAGA that enhances its activity when cells were grown under stressful 
conditions. Our results showed that SAGA acetylates one of its subunit Ada3 and undergoes 
acetylation-dependent dimerization when cells sense stress signals in the environment. Most 
importantly, this acetylation-dependent dimerization of SAGA contributes to cooperative nucleosome 
acetylation and facilitates cell growth under stress conditions. To probe which protein domains within 
these three subunits are required for cooperativity, we generated a series of subcomplex mutations 
and discovered that Gcn5 bromodomain is necessary for cooperativity. To further study the functions 
of Gcn5 bromodomain in SAGA-mediated nucleosome acetylation, we performed HAT kinetic assay 
on nucleosomes containing either pre-acetylated single H3 tail or pre-acetylated histone H4K16. We 
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found that the Gcn5 bromodomain facilitates cross-tail H3 acetylation in pre-acetylated nucleosomes. 
Collectively, our studies revealed a novel mechanism which SAGA modulates its activity and 
nucleosome acetylation. Furthermore, this regulatory mechanism has important implications in 
inducible gene transctiption and co-regulation of functionally related genes.
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Chapter 1. General Introduction 
 
General Introduction 
In eukaryotes, gene transcription is strongly affected by packaging of its DNA into 
chromatin, which, to some extent, prevents the access of transcription factors and assembly of the 
general transcription machinery. Thus, chromatin modification factors are required to change 
chromatin structure in order to activate transcription. One of the extensively studied chromatin 
modification factors is the Spt-Ada-Gcn5-Acetyltansferase (SAGA) complex originally identified in 
the budding yeast Saccharomyces cerevisiae. SAGA complex is a 1.8 MDa multi-subunit histone 
acetyltransferase that promotes transcription of stress-activated genes. During gene activation, SAGA 
is delivered to gene promoters partially through interactions with acidic transcriptional activators. 
After being recruited to gene promoters, SAGA facilitates gene transcription through a number of 
different ways. One critical function of SAGA in gene transcription is by catalyzing nucleosome 
acetylation in gene promoters and coding regions. By transferring an acetyl group from acetyl-CoA to 
histone tails, SAGA complex makes chromatin structure less compacted and more accessible for 
transcriptional machinery. The major target of SAGA HAT activity is histone H3 tails, which are 
presented in two copies within a single nucleosome. As a catalytic subunit of SAGA, Gcn5 has been 
well studied regarding acetylation of histone tail peptides and histone proteins. However, it remains 
unclear why recombinant Gcn5 cannot acetylate nucleosome efficiently and how its activity is 
regulated by associated SAGA components and chromatin structures. In this study, we performed 
histone acetyltransferase kinetic assay with purified SAGA complex from Saccharomyces cerevisiae 
and reconstituted nucleosomal arrays. Our studies showed that SAGA complex acetylates 
nucleosomes in a cooperative manner. We also addressed the substrate requirement for cooperative 
acetylation from the nucleosome structures such as mononucleosomes and the presence and 
orientations of dual H3 tails. These studies suggest that SAGA complex is able to bridge multiple 
non-contiguous nucleosomes and has implications in co-regulation of functionally related genes. As a 
Gcn5-containing histone acetyltransferase complex, the activity and specificity of Gcn5 have been 
reported to be changed significantly by other SAGA subunits such as Ada2 and Ada3. In this study, 
we elucidated the requirement of SAGA subunits for cooperative acetylation. In addition, SAGA also 
contains multiple distinct protein domains that interact with nucleosomal proteins and DNA, which 
may have potential functions in SAGA-mediated cooperativity. One of the best studied domains is the 
bromodomain in Gcn5, a protein domain that binds acetylated nucleosomes. In this study, we 
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examined the function of Gcn5 bromodomain in SAGA-mediated cooperative acetylation. In our 
effort to elucidate the functions of Gcn5 bromodomain in cooperative acetylation, we discovered a 
novel self-regulatory mechanism of SAGA that has important functions in inducible gene 
transcription. Additionally, we also identified two novel functions of the Gcn5 bromodomain in 
facilitating acetylation of nucleosomes containing either pre-acetylated H3 tails or pre-acetylated H4 
lysine 16.  
 
Literature Review 
Spt7-Ada-Gcn5-Acetyltransferase (SAGA) family  
The SAGA family of transcriptional coactivators is a group of multi-subunit protein 
complexes identified in a wide range of eukaryotic organisms. They are highly conserved among 
different eukaryotes (Nagy and Tora, 2007). The first SAGA family member was isolated in budding 
yeast Saccharomyces cerevisiae (Grant et al., 1997). To date, the identified SAGA family members 
include ySAGA and ySLIK in Saccharomyces cerevisiae, dSAGA and dTFTC in Drosophila 
melanogaster, and hTFTC, hSTAGA and hPCAF in Homo sapiens (Nagy and Tora, 2007). These 
complexes have a molecular weight of 1.8 MDa and share a conserved subunit composition (Baker 
and Grant, 2007). Most yeast SAGA components have been identified in its orthologs in Drosophila 
and human (Nagy and Tora, 2007). Furthermore, single particle electron microscopy revealed that 
these SAGA complexes have similar three-dimensional structures (Brand et al., 1999; Wu et al., 
2004). 
 
In addition to highly conserved composition and structure, SAGA complexes have similar 
functions such as facilitating transcription of regulatory genes involved in cell proliferation and 
development (Wang et al., 1997). Given the important functions of SAGA complexes in gene 
transcription, it is not surprising that abnormal SAGA activities can lead to developmental defects and 
associated diseases. Indeed, loss of Gcn5, one SAGA subunit, leads to metamorphosis defects during 
Drosophila development and eventually results in lethality (Carre et al., 2005). In mice, Gcn5-null 
embryos die early at 10.5 days post coitum and fail to form normal mesoderm (Xu et al., 2000b). 
Polyglutamine (polyQ) expansion of another SAGA subunit, ataxin-7, leads to neurodegenerative 
disease spinocerebellar ataxia type 7 (SCA7) (David, 1998). Furthermore, mounting evidence showed 
that SAGA has also been implicated in tumorigenesis because of its role in regulating oncogenic gene 
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expression and virus induced tumerogenesis (Nagy and Tora, 2007; Yang, 2004a). C-Myc protein 
facilitates oncogenic transformation through recruiting SAGA complex to its target genes (Liu et al., 
2003; McMahon et al., 2000). SATF65γ, another subunit of SAGA, is not only required for 
recruitment of SAGA but also is needed to recruit Mediator complex to Myc-dependent genes (Liu et 
al., 2008).  
 
General functions and organization of yeast SAGA complex   
Among these SAGA family coactivators, yeast SAGA complex is the first and 
best-characterized multi-subunit complex possessing histone acetyltransferase activity in 
Saccharomyces cerevisiae, which serves as a paradigm to understand its orthologs in higher 
multicellular organisms (Grant et al., 1997). As a transcriptional coactivator, the SAGA complex is 
required for gene transcription mediated by RNA polymerase II. Genome-wide profiling data showed 
that SAGA complex facilitates expression of ~10% genomic genes, most of which participate in 
response to environmental stress such as heat, oxidation, DNA damage, metabolic starvation, and 
unfolded proteins (Huisinga and Pugh, 2004). In addition to its role in transcription activation, SAGA 
complex also plays pivotal roles in transcriptional repression at telomere region, co-transcriptional 
spliceosome assembly, DNA replication, mRNA export and DNA repair (Baker and Grant, 2007; 
Burgess et al., 2010; Espinosa et al., 2010; Gunderson and Johnson, 2009; Jacobson and Pillus, 2009; 
Kohler et al., 2008).  
 
The yeast SAGA complex is composed of approximately 21 subunits, which can be divided 
into four distinct categories according to their functions and spatial localization in the complex 
(Figure 1). The first group consists of Ada (alteration/deficiency in activation) proteins. Mutations in 
these genes suppress the toxic effect caused by chimeric activator Gal4-VP16 (Berger et al., 1992a). 
Ada1 is required for overall structural integrity of SAGA complex, as deletion of Ada1 leads to loss 
of most SAGA subunits and displayed severe growth phenotypes (Sterner et al., 1999). Ada2, Ada3, 
and Ada4 (Gcn5) form a heterotrimer and function as the catalytic core to acetylate nucleosomal 
histones (Wu et al., 2004) (Figure 1A). The second group of proteins are encoded by SPT (suppressor 
of Ty) genes, which were identified as suppressors of Ty or δ insertion mutants in the promoter 
regions of HIS4 or LYS2 genes (Winston and Carlson, 1992). These SPT gene products include Spt7, 
Spt20, Spt3 and Spt8 (Figure 1A). Spt7 and Spt20 play an important role in maintaining SAGA 
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structure. Spt3 and Spt8 mediate the interaction between SAGA and TATA binding protein (TBP). 
The third group consists of several essential TAF proteins (TBP associated factors) including TAFs 5, 
6, 9, 10 and 12 (Figure 1A). These proteins maintain the SAGA structural integrity and interact with 
basal transcriptional machinery (Baker and Grant, 2007). The last group consists of four recently 
identified proteins Ubp8, Sgf11, Sus1 and Sgf73 (Baker and Grant, 2007) (Figure 1A). Ubp8, Sgf11 
and Sgf73 form the second enzymatic core of SAGA: a deubiquitinating module (DUB) to remove 
the monoubiquitin from H2B lysine 123 (Nagy and Tora, 2007; Rodriguez-Navarro, 2009). Sus1 
plays a function in nuclear transport of transcribed mRNA by mediating the interaction between 
SAGA complex and nuclear pore complex (NPC) (Rodriguez-Navarro et al., 2004).   
 
 
Figure 1. Subunit composition and 
architecture structure of S. cerevisiae 
SAGA complex. (A) SAGA subunits. 
Single star indicates subunits required 
for histone acetyltransferase activity. 
Double stars indicate subunits involved 
in TBP recruitment. Triple stars indicate 
subunits involved in deubiquitinating 
activity. Quadruple stars refer to subunit 
involved in interacting with transcription 
activators. (B) Single particle electron 
microscopy SAGA structure with 
localization of its subunits. Figure was 
adapted from Wu et al., 2004).  
 
Mechanisms of transcription activation by SAGA complex 
Although SAGA has multiple distinct functions in S. cerevisiae, here we focused on its role 
in transcription activation. In this section, we will describe the specific mechanisms for SAGA 
complex to promote gene expression.  
 
5 
 
One important function of SAGA in transcription activation is recruitment of basal 
transcription machinery to gene promoters during transcriptional initiation. For example, two SAGA 
subunits, Spt3 and Spt8, are required to mediate TBP recruitment and facilitate preinitiation complex 
(PIC) formation at SAGA-dependent genes like ADH1, BDF2, PHO84 and VTC3 (Bhaumik and 
Green, 2002) (Figure 1A). However, it also has been reported that these two subunits inhibits TBP 
recruitment at other genes such as HIS3, TRP3, and HO whose transcription depends on SAGA 
complex (Belotserkovskaya et al., 2000b; Yu et al., 2003). Further work is required to solve this 
problem. 
 
Another mechanism involves SAGA as an enzyme that acetylates histones during 
transcription activation. Gcn5 is the catalytic subunit that transfers the acetyl group from acetyl 
coenzyme A to lysine residues in the histone H3 N-terminal domains. Histone H3 is one of the major 
nucleosomal histone proteins. Nucleosomes are the basic structural unit of chromatin and are 
composed of 147 bp DNA, which wraps 1.65 turns around an octamer containing two copies each of 
histone H2A, H2B, H3 and H4 (Figure 2). The four core histones are low-molecular weight highly 
conserved proteins and are enriched in basic amino acids, lysine and arginine. The majority of these 
histone proteins are wrapped by DNA to form the globular domain; however, flexible 15-38 
N-terminal amino acids of each histone, and H2A and H2B carboxyl-terminal domains protrude from 
the nucleosome global domain and may interact with neighboring nucleosomes and nucleosomal 
DNA. These domains are widely-known as histone tails and have been shown to play an important 
role in chromatin compaction. Furthermore, these histone tails are major targets to be 
post-translationally modified, such as lysine acetylation, methylation, ubiquitination, sumoylation, 
and biotinylation as well as serine and threonine phosphorylation and arginine methylaytion (Luger, 
2003; Strahl and Allis, 2000). As a single protein, Gcn5 prefers to acetylate free histone H3 at lysine 
14 and cannot efficiently acetylate nucleosomal histones (Kuo et al., 1996). However, in the context 
of SAGA, Gcn5 activity is augmented to acetylate nucleosomal histones efficiently and the substrate 
specificity is expanded to H3 lysine 9, 14, 18, 23, and 36 with the help of other associated subunits 
(Grant et al., 1997; Grant et al., 1999; Morris et al., 2007). Ada2 and Ada3 have been demonstrated to 
potentiate the Gcn5 HAT activity as well as substrate specificity (Candau et al., 1997) (Figure 1A). It 
has been shown that Gcn5, Ada2, and Ada3 form the catalytic core of SAGA and can recapitulate the 
majority of activity and specificity of SAGA complex (Balasubramanian et al., 2002). In this study, 
we studied the kinetics of nucleosome acetylation by SAGA complex and its catalytic core 
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(Ada2/Ada3/Gcn5). We also analyzed how the HAT activity of SAGA complex was regulated by 
nucleosomes and SAGA subunits. 
 
Histone acetylation is thought to facilitate gene transcription through the following three 
mechanisms. The first mechanism is “neutralization”. Adding the acetyl group to the ε-amino group 
of a lysine residue neutralizes its positive charges, which would reduce the electrostatic interactions 
between positively charged histones and negatively charged DNA phosphate backbone. As a result, 
the chromatin structure would become less compacted and more accessible for transcription 
associated factors. This theory has been supported by the findings that certain histone acetylations 
affect nucleosomal structure and increase nucleosome fluidity (Shogren-Knaak et al., 2006; Struhl, 
1998; Verdone et al., 2005). The second mechanism called “gain of function” is that acetylation of 
histones provides recognition and binding sites for other transcription-related proteins that contain 
bromodomain (Verdone et al., 2005; Yang, 2004b). Bromodomain is 110-residue domain that 
recognizes and binds acetylated lysine. It consists of 4 alpha helical bundles connected by beta loops 
(Dhalluin et al., 1999).  The four amphipathic α-helices are packed tightly against one another in an 
anti-parallel manner to form a hydrophobic pocket for the binding of the acetylated lysine residues 
(Figure 3). Histone acetylation increased binding affinity of bromodomain-containing chromatin 
modification complex (Hassan et al., 2007; Hassan et al., 2002). Furthermore, histone acetylation also 
acts as a molecular switch to prevent other modifications. For example, histone H3K9 acetylation and 
H3K9 methylation are mutually exclusive distinct marks in gene expression, as the former associates 
with active, less compacted chromatin and the latter with more compacted chromatin like 
heterochromatin. Acetylation at H3K9 would block its methylation and prevent formation of 
compacted structures (Stewart et al., 2005). By acetylating nucleosoms in the promoter regions, 
SAGA makes these promoters more accessible for other transcription factors and coactivators, thus 
facilitating transcription initiation. 
 
In addition to recruiting TBP and facilitating pre-initiation complex formation, recent studies 
showed that SAGA also participates in multiple post-recruitment processes. SAGA complex has been 
reported to move along with RNA polymerase II to coding regions, presumably through binding to 
phosphorylated C-terminal domain. SAGA acetylates nucleosomes and facilitates nucleosome 
eviction in the transcribed coding region of GAL1 (Govind et al., 2007), which promotes RNA 
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polymerase II passage in the coding region. In addition, SAGA components Gcn5, Ada1, Spt7 and 
Spt20 are required for activation of poised promoter of CYC1 (Lee et al., 2010). 
 
    
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Strucure of nucleosome. H3 tails                    Figure 3. Strucuture of bromodomain     
are labeled by arrows in the top. Adapted                    interacting with an H3 lysine 36 acetylated   
from Luger et al., 1997.                                   peptide. Adapted from Zhou and coworkers  
(Mujtaba et al., 2007).  
                  
                                                                                           
The third mechanism involves SAGA’s ability to acetylate non-histone proteins especially 
transcriptional regulators. The majority of these proteins belong to transcription factors or chromatin 
modifying complexes. For example, Gcn5 has been shown to acetylate chromatin modification 
complex RSC complex on its subunit Rsc4 K25 (VanDemark et al., 2007). Rsc4 K25 acetylation 
inhibits the binding of RSC complex to H3K14ac, and mutation of Rsc4 K25 results in altered 
genome-wide gene transcription (VanDemark et al., 2007). In this study, we discovered that SAGA 
acetylates its own subunit, Ada3 and analyzed how Ada3 acetylation affects activity of SAGA. 
 
 Other mechanisms involve SAGA’s interaction with Mediator complex. Genetic 
experiment showed that SAGA has a functional interaction with Mediator complex as mutations in 
SAGA showed lethality when combined with mutations in Mediator complex (Roberts and Winston, 
1997). However, the mechanism is not clear yet.  
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Global and promoter-specific nucleosomal acetylation by SAGA complex 
In order for SAGA to activate specific inducible gene transcription, it needs to be selectively 
recruited to the promoter regions of those genes. How is SAGA HAT activity targeted to those 
regions? Tra1, an essential subunit of SAGA, has been shown to interact with DNA-bound acidic 
activator Gal4 through its C terminus (Bhaumik et al., 2004; Brown et al., 2001) (Figure 1A). In 
addition to Tra1, biochemical and genetic experiments also showed that two other subunits, Ada2 and 
Ada3 can interact with acidic activators, such as Gal4 and Gcn4 and are required for transcription 
mediated by these activators (Berger et al., 1992b; Horiuchi et al., 1995b; Pina et al., 1993).  
 
In addition to promoter-specific acetylation, SAGA has also been reported to have global 
chromatin modifying function, although this function is not well understood. Genome-wide mapping 
of histone acetylation patterns showed that Gcn5 globally acetylates histone H3 K14 in the 5’ coding 
region of intensely transcribed genes (Pokholok et al., 2005; Robert et al., 2004; Rosaleny et al., 
2007). The global acetylation results in a basal state of histone acetylation throughout the genome. 
This state might be critical for maintaining chromatin structure in less condensed states and 
possessing genes poised for transcription. The global SAGA HAT activity might be facilitated by 19S 
regulatory particles (19S RP) (Lee et al., 2005), which can recognize ubiquitinated H2B lysine 123 
and enhance the binding of SAGA to the nucleosomal arrays. SAGA protein domains might also play 
an important role in global nucleosome acetylation. As described earlier, SAGA binds to acetylated 
H3 through Gcn5 bromodomain. Thus, SAGA may first acetylate nucleosomal H3 and then propagate 
this mark around the active transcribed region by binding acetylated H3. Further, Grant and 
colleagues reported that the chromodomain of another SAGA subunit, Chd1, can bind H3K4 di- and 
trimethylation (Pray-Grant et al., 2005). Thus, this interaction seems to recruit SAGA to active 
regions and stabilize SAGA binding. Additional domains have also been found in SAGA to enhance 
SAGA binding to chromatin, like the SANT domain and SWIRM domain in SAGA sunbunit Ada2. 
Biochemical data clearly showed that intact Ada2 SANT is required for SAGA to bind histone H3 
tails and is integral to Gcn5 HAT activity on nucleosomes (Boyer et al., 2002). The Ada2 SWIRM 
domain has been shown to interact with nucleosomal DNA (Qian et al., 2005). These extra 
interactions between SAGA and chromatin might stabilize SAGA activity at both specific loci and 
genome-wide to maintain active chromatin states. In this study, we have analyzed the functions of 
Gcn5 bromodomain in nucleosome acetylation by the SAGA complex.  
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Regulation of SAGA activity 
As a transcriptional coactivator and histone acetyltransferase, SAGA complex performs its 
functions via an auto-regulatory mechanism. The activity of SAGA complex can be regulated by its 
constituent subunits and other associated complexes. One prominent example is that, as described 
earlier, Gcn5 HAT activity can be positively regulated by interaction with Ada2 and Ada3. Further, 
Gcn5 HAT activity also can be augmented by other associated SAGA subunits. For example, 
inactivation of TAF12 impairs the ability of SAGA to acetylate nucleosomal histones and leads to a 
significant reduction in transcription (Grant et al., 1998). Recent studies also showed that some 
SAGA subunits could negatively regulate Gcn5 activity, although the specific mechanism is not 
known yet. For example, Spt8 inhibites Gcn5 activity in fission yeast during sexual differentiation 
(Helmlinger et al., 2008). Further evidence showed that Spt8 could only associate with SAGA 
complex in the promoter region during gene activation. During transcription elongation, Spt8 might 
dissociate from the SAGA complex when it moves into the coding regions (Belotserkovskaya et al., 
2000b). Grant and coworkers showed that polyglutanime-expanded Sgf73/Sca7 caused a defect in 
SAGA to acetylate nucleosomes in vitro (McMahon et al., 2005).  
 
    Another potential level of regulation of SAGA activity is through post-translational 
modifications of SAGA subunits. For example, Gcn5 has been found to undergo sumoylation under 
repression conditions, while this covalent mark is lost when cells were grown under inducible 
conditions (Sterner et al., 2006). Sumoylation of Gcn5 at lysine 25 affects cell growth on 
3-aminotriazole media and reduces transcription of the SAGA-dependent gene TRP3 (Sterner et al., 
2006). Gcn5 also has been reported to be phosphorylated by Snf1 at T203, S204, T211, and Y212 and 
mutations in these four residues affect HIS3 transcription (Liu et al., 2010). The other known 
post-transcriptional modifications of SAGA involve acetylation of Spt7, Spt8 and Sgf73, sumoylation 
of Spt7, Ada2, Ada3, phosphorylation of Ada3, Taf10, Taf12, and Sgf73, and ubiquitination of Spt7 
(Koutelou et al., 2010; Mischerikow et al., 2009). Further work is needed to uncover their functions 
and identify enzymes that perform these modifications.  
 
Dissertation Organization 
This thesis describes a detailed kinetic study of nucleosome acetylation by the yeast SAGA 
complex and a regulatory mechanism for SAGA activity. The first chapter provides background 
information about SAGA components, structure, functions and conservation among different species 
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as well as the structure of chromatin. The second chapter presents our findings about cooperative 
nucleosome acetylation by SAGA and the requirement for acetyl-CoA and nucleosome structures. In 
the third chapter, we describe our discovery about the novel functions of Gcn5 bromodomain in 
SAGA-mediated nucleosome acetylation. The fourth chapter reveals a novel regulatory mechanism 
for SAGA activity and how this relates to cooperative nucleosome acetylation and inducible gene 
transcription. Lastly, the fifth chapter gives a general conclusion of this thesis and recommendations 
for future studies.   
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Abstract 
Acetylation of histone proteins by the yeast SAGA complex has served as a paradigm for 
understanding how post-translational modifications of chromatin regulates eukaryotic gene 
expression. Nonetheless, the extent to which the structural complexity of the chromatin substrate 
modulates SAGA activity has been unclear. Using chromatin model systems, we have found that 
SAGA-mediated histone acetylation is highly cooperative (cooperativity constant of 1.97 ± 0.15), 
effectively coupling the acetylation of multiple noncontiguous nucleosomes. Studies with multiple 
chromatin substrates, including those containing novel asymmetric histone octamers, show that this 
cooperativity arises from the functional interaction of the SAGA complex with both H3 tails within a 
nucleosome. We propose that the amplification of SAGA activity through this dual-tail recognition 
can facilitate coregulation of spatially proximal genes by promoting cooperative nucleosome 
acetylation between genes. 
 
Introduction 
The 1.8 MDa Spt-Ada-Gcn5-Acetyltansferase (SAGA) complex in the budding yeast 
Saccharomyces cerevisiae, as well as highly homologous complexes in higher eukaryotes, plays a 
major role in regulating gene expression(Baker and Grant, 2007; Lee and Workman, 2007). In yeast, 
this regulation occurs predominantly by enhancing transcription of inducible genes (Huisinga and 
Pugh, 2004), and occurs in part through the SAGA-mediated acetylation of chromatin at the promoter 
and transcribed regions of genes (Govind et al., 2007; Robert et al., 2004).  
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The chromatin targets of SAGA-mediated acetylation are the amino-terminal portions of 
histone proteins, also called histone tails, which extend past the DNA of nucleosomes.  In vitro 
studies have shown that the histone H3 tail is the primary target of SAGA-mediated acetylation, 
although the histone H2B tail can also be weakly acetylated (Grant et al., 1997). Within the H3 tail, 
the side chain of lysine 14 is the major site of acetylation, with H3 lysine 9 and 18 being secondary 
sites, and H3 lysine 23 being a tertiary site (Grant et al., 1999). Interestingly, the histone H3 tail not 
only interacts with the catalytic domain of the SAGA complex subunit Gcn5 (Rojas et al., 1999), but 
can also bind to a number of other domains contained within the 20 protein subunits that comprise the 
complex. Some of the currently identified domains include the SANT domain of Ada2 (Boyer et al., 
2002), and the bromodomains of both Gcn5 and Spt7, which recognize acetylated H3 tails (Hassan et 
al., 2007).  
 
 The ability of the H3 tail to serve as both substrate and binding partner of the SAGA 
complex potentially allows for complex regulation of the action of SAGA by chromatin. This 
regulation could occur at many levels of chromatin structure. In the most basic structural unit of 
chromatin, the nucleosome, all four histones, H2A, H2B, H3, and H4, are present in two copies, and 
these histones are associated with 147 base pairs of nucleosomal DNA wrapped 1.67-times around the 
histone octamer (Luger et al., 1997). Thus, the core nucleosome component and the presence of two 
copies of the H3 tails have the potential to influence SAGA activity. In addition, H3 tails are 
presented at relatively regular intervals, as nucleosomes in the genome occur frequently and in 
relatively close proximity. For example, in yeast approximately 69% of chromosome III is 
sequestered by nucleosomes, with an average distance between nucleosome centers of 212 base pairs 
(Yuan et al., 2005). Although these nucleosomes are arrayed in a linear fashion in genomic sequence, 
in many cases they adopt more complex higher-order structures. Short-range interactions between 
nucleosomes within a strand of chromatin allow chromatin to adopt a more compact 30 nm fiber 
structure (Bednar et al., 1998; Schalch et al., 2005), and long-range interactions between distant 
nucleosomes provide a means for chromatin to potentially adopt 100-400 nm fiber structures (Gordon 
et al., 2005). Moreover, a number of recent studies suggest that different functional forms of 
chromatin can adopt complex looping structures, where regions of the genome that are separated by 
large distances in sequence can be brought together in space (Fraser, 2006). These complex forms of 
higher-order chromatin structure further complicate the presentation of the H3 tails to the SAGA 
complex.  
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 We hypothesized that the rich structural complexity of chromatin would be exploited by the 
SAGA complex to both regulate and adjust its acetyltransferase activity. To test this possibility, we 
measured rates of nucleosome acetylation by the SAGA complex and found two aspects of chromatin 
structure that direct SAGA acetylation activity. Within a nucleosome the enzyme complex interacts 
with both copies of the histone H3 tail, and this interaction stimulates SAGA to bind to different, 
non-contiguous nucleosomes, generating cooperative acetylation. 
 
Materials and Methods 
DNA Template and Full-length Recombinant Histone Preparation 
These reagents were prepared using standard techniques. Details are provided in the supporting 
information section. 
 
Tetra-Ala and Tetra-Ac H3 Preparation 
Side-chain protected, resin bound peptides, HHHHHHARTKQTARASTGGAAPRAQLATAA and 
HHHHHHARTKQTARKSTGG KAPR KQLAT KA, were synthesized by Fmoc-based solid phase 
peptide synthesis on Cl-Trityl support (Baylor Protein Chemistry Core Laboratory). Generation of 
fully deprotected thioester peptide was performed as described previously with modifications to the 
thioesterification step (Shogren-Knaak and Peterson, 2004). Specifically, the peptide C-terminus (5 
mM) was activated with N, N’-dicyclohexylcarbodiimide (100 mM), and then reacted with benzyl 
mercaptan (100 mM) at 25 °C for 3 h, all in DMSO.  
 
Peptide ligation was performed as previously described (Shogren-Knaak and Peterson, 
2004). To remove unligated core histone, the crude reaction mixture was dissolved into 70% 
acetonitrile, diluted 5-fold into buffer B (100 mM NaH2PO4, 10 mM Tris, 8 M urea, 5 mM DTT, pH 
8.0), incubated with Ni-NTA resin (Qiagen) for 45 min at room temperature. The resin was then 
washed twice with buffer C (buffer B at pH 6.3) and eluted with buffer D (buffer B at pH 4.5). The 
eluted fractions were then neutralized by adding 1 M Tris, pH 8.0. Ligated histone H3 was quantified 
by comparison with a known quantity of Xenopus recombinant 6-His tagged H3 histone on an 18% 
SDS-PAGE gel, stained by Coomassie. The identity of the ligated histones was confirmed by 
MALDI-TOF mass spectrometry. 
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Histone Octamer Preparation 
Octamers were prepared largely according to standard protocols (Luger et al., 1999). For asymmetric 
octamers, 0.02 µmol of 6-His tagged H3 was combined with 0.18 µmol of untagged H3, 0.20 µmol of 
H4, and 0.22 µmol of H2A and H2B. Gel-filtration purified octamers mix was incubated with 
Ni-NTA resin at 2 M salt for 1h at 4 °C. The resin was then washed twice with wash buffer (150 mM 
NaH2PO4, 2 M NaCl, 20 mM imidazole, pH 8.0) and eluted with elution buffer (wash buffer with 250 
mM imidazole). The concentration of octamers was determined by comparison with a known quantity 
of wild-type octamers on an 18% SDS-PAGE gel, stained by Coomassie. 
 
Nucleosomal Arrays and Mononucleosomes Reconstitutions 
Mononucleosomes and nucleosomal arrays were assembled with DNA template and purified histone 
octamers according to standard protocol with little modifications (Carruthers et al., 1999; Luger et al., 
1999). The level of saturation of the purified arrays was verified by EcoRI digestion, followed by a 
4% native polyacrylamide gel analysis with ethidium bromide staining. Mononucleosomes were 
analyzed by running and staining the 4% native polyacrylamide gel directly. Mononucleosome and 
array concentrations were determined by DNA absorbance. 
 
SAGA Complex Purification 
The yeast strain (FY2031) encoding TAP-tagged Spt7 was a generous gift from Fred Winston. SAGA 
complex was isolated by tandem affinity purification (Wu et al., 2004). SAGA composition was 
confirmed by silver staining. SAGA concentration was determined by comparative Western blotting 
against known amounts of recombinant Gcn5 using anti-Gcn5 antibody (sc-9078; Santa Cruz).  
 
Kinetic Assays 
SAGA HAT activity was measured by using a radioactive P81 filter binding assay (Eberharter et al., 
1998). Assay conditions were chosen to ensure that measured rates of acetylation were initial rates 
and that substrate was in excess of enzyme, while minimizing data deviation and reagent 
consumption. Specifically, nucleosomal arrays or mononucleosomes were incubated with acetyl-CoA 
(1.33 µM 3H-acetyl-CoA and 2.66 µM cold acetyl-CoA, final concentration) in the HAT buffer (final 
concentration of 50 mM Tris pH 7.5, 5% glycerol, 0.125 mM EDTA, 50 mM KCl, 1 mM DTT, 1 mM 
PMSF, 10 mM sodium butyrate) at 30 °C for five minutes. Reactions were initiated with SAGA (1 
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nM final). Timepoints were taken from zero to 1.5 or 3.0 minutes and quenched by spotting the 
samples (8 µl) onto P81 phosphocellulose filters. Filters were then washed three times in 300 ml 
washing solution (4 mM Na2CO3, 46 mM NaHCO3) and then 10 min in 200 ml acetone. The amount 
of [3H]-acetate incorporated into the substrates was determined by scintillation counting. To convert 
counts per minute to moles, a 60% counting efficiency, a 71% post-wash nucleosome retention, and a 
10 Ci/mmole specific activity were used. Initial rates for different concentrations of substrates were 
determined by linear fit. Kinetic constants describing initial rates as a function of substrate 
concentration were obtained either by fitting the data to the Michaelis-Menten equation:  
v0/[E]0 = kcat,app * [S] /(Km + [S]) 
or to a cooperative saturation kinetics model: 
v0/[E]0 = kcat,app * [S]n /(K + [S]n) 
 
Results 
SAGA-mediated nucleosome acetylation is cooperative  
To characterize the kinetics of chromatin acetylation by the SAGA complex, the enzyme 
complex was TAP-tagged on the carboxy-terminus of the Spt7 subunit and affinity purified to a high 
degree of homogeneity, as described by Wu et. al (Wu et al., 2004). Nucleosomal arrays were 
assembled as a model of chromatin fibers using a salt dialysis deposition strategy (Carruthers et al., 
1999). In these nucleosomal arrays, twelve recombinant, wild-type, Xenopus laevis histone octamers 
are spaced roughly every 208 nucleotides apart on a Lytechinus variegates 208-12 5S rDNA template. 
Initial rates of nucleosome acetylation were determined by measuring the time-dependant 
incorporation of the radiolabeled acetyl group transferred from acetyl coenzyme A (acetyl-CoA) to 
the histones (Eberharter et al., 1998). Initial velocities were determined over a large range of 
nucleosomal array concentrations and showed good linearity for early time points. In these time 
courses, the extent of acetyl incorporation per H3 histone was from 0.47% to 4.4%. 
  
Originally, we sought to fit the extensive initial-velocity data with respect to nucleosome 
concentration according to the standard Michaelis-Menten model (Fig. 1A). However, the data were 
not well suited for such a model of hyperbolic saturation, as few data points were within error of the 
best theoretical fit, and systematic deviation above and below the fit was observed. Instead, a 
sigmoidal, cooperative saturation kinetics model provided a fit that closely tracked the data (Fig. 1A). 
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Fitting these data to linear formulations of the noncooperative and cooperative models reinforces the 
superiority of this approach. Using the Lineweaver-Burke form of the Michaelis-Menten model, it is 
clear the data shows systematic deviation from linearity (Fig. 1B). On the other hand, a Hill-plot of 
the data is highly linear (Fig. 1C). From both direct fitting of the cooperative saturation kinetics 
model and the Hill plot, it is possible to extract a cooperativity constant, a parameter that measures 
the extent of cooperativity of the system. Both methods of fitting are in good agreement, 1.97 ± 0.15 
and 1.91 ± 0.08, respectively. This magnitude of cooperativity is at least comparable to most known 
cooperative enzymes and suggests that maximal histone acetylation activity of the SAGA complex is 
facilitated through the binding of multiple substrates. 
 
Cooperativity results from interactions within the nucleosome.  
What is it about the nucleosomal substrate that creates such cooperativity of acetylation? 
Overall the acetylation reaction consists of two substrates, nucleosomes and acetyl-CoA. Binding of 
nucleosome substrate by the SAGA complex could change subsequent kinetic activity by either 
changing enzyme activity toward additional nucleosome substrates, or toward acetyl-CoA. The 
simplest model of the latter would be that binding of the nucleosome substrate could organize the 
acetyl-CoA binding site, increasing its affinity for the cofactor at higher nucleosome concentration. 
Previous kinetics studies with the catalytic core of Gcn5 and H3 peptide substrates argue against this 
possibility, as substrate binding is ordered with acetyl-CoA binding preceding H3 tail binding 
(Tanner et al., 2000). However, the more complex nature of both the nucleosome substrate and the 
SAGA enzyme complex in our reactions could change the overall reaction mechanism. To explore 
this possibility, initial-velocity kinetics assays were performed to determine whether the binding of 
acetyl-CoA was changed at different concentrations of nucleosomal array substrates (Fig. 2A). At 
both a low (15 nM) and high (150 nM) concentration of nucleosomal substrate, the Km for acetyl-CoA 
is nearly identical, being 4.04 µM and 4.16 µM, respectively. This result suggests that cooperativity 
of nucleosome acetylation does not come from changes in binding of acetyl-CoA, but instead from 
changes in activity toward nucleosomes.  
 
 What in the nucleosomal array is required to create cooperativity of acetylation? 
Nucleosomal arrays are very complicated substrates, as they present many potential binding 
interactions, including two copies each of the histone tails, the histone globular domain, and the 
nucleosomal DNA. Moreover, the oligomeric nature of nucleosomal arrays potentially allows binding 
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interactions to occur between nucleosomes in both a SAGA dependent and independent manner. To 
simplify the system, initial rate kinetic experiments were performed on mononucleosomes that 
constitute a single repeat unit of the studied nucleosomal arrays (Fig. 2B). Analysis of initial 
velocities reveals that acetylation of the mononucleosomes is also highly cooperative (cooperativity 
constant of 1.76 ± 0.17), similar to the complete nucleosomal arrays (Table 1). Thus, cooperative 
acetylation does not require contiguous strands of nucleosomes. Similarly, formation of higher-order 
chromatin structure, which cannot be adopted by mononucleosomes, is not necessary for substrate 
cooperativity. 
  
As mononucleosomes are sufficient to induce cooperativity of SAGA-mediated acetylation, 
we investigated whether an even simpler substrate could function equivalently. Initial-velocity 
kinetics assays were performed on a histone H3 peptide (Fig. 2C and 2D). Unlike the 
mononucleosome substrate, the H3 tail peptide was non-cooperative (cooperativity constant of 0.97), 
fitting a saturation curve resembling the hyperbolic Michaelis-Menten equation. This suggests that 
cooperative acetylation requires more than the H3 tail in isolation. As the nucleosome presents a pair 
of H3 tails in the context of a nucleosome, we wondered whether a nucleosome with a single H3 tail 
would suffice to restore the cooperative behavior. 
 
Asymmetric histone octamer generation  
To generate nucleosomes with a single H3 tail, we developed a general strategy for making 
asymmetric octamers (Fig. 3A). In this strategy histone octamers are assembled from constituent 
histones similar to standard protocols (Luger et al., 1999). However, for the histone that is ultimately 
to be present in two different forms, in our case a full-length H3 histone and an amino-terminal 
truncated H3 histone (Fig. 2C), they are introduced as a mixture, with an untagged form present in 
vast excess of a tagged form. For our single H3 tail octamer preparation, statistically three forms of 
octamers are expected: a majority of octamers with two truncated H3 tails and no tags, a small 
population of octamers with a single full-length, tagged H3 histone and a single truncated H3, and a 
very small population of octamers with two full-length, tagged histones. Octamers containing no tag 
can then be removed using affinity purification, to give a final mix of octamers where the majority 
consists of asymmetric octamers with a single, tagged H3 tail. In this final mixture, some symmetric 
octamer with two full-length tails will be present. However, varying the ratio of tagged and untagged 
histone initially can control the amount of this octamer. For example, by using a 9:1 ratio of untagged 
to tagged histone, a little more than one in twenty octamers that have been affinity purified contain 
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two tails, a level we deemed acceptable for our experiments. For the affinity purification, we opted to 
use a 6-His tag/nickel resin strategy, because others had shown that octamers could be isolated under 
these conditions (Viens et al., 2006).  
 
Employing this asymmetric octamer strategy resulted in the desired single H3 tail octamers 
(Fig. 3B). Prior to nickel affinity purification, assembly of histone octamers using a 9:1 ratio of 
tailless H3 to 6-His tagged full-length H3 resulted in a population with very little tagged histone. 
However, after nickel affinity purification, the level of tagged, full-length H3 was equal to that of the 
truncated histone, as would be expected for octamers containing a single full-length H3 tail. These 
asymmetric single H3 tail octamers formed nucleosomal arrays, saturating the 208-12 5S rDNA 
template in a manner similar to recombinant wild-type octamers (Fig. 3C). 
 
Substrate cooperativity requires dual H3 tail interactions 
Initial-velocity kinetic analysis of single H3 tail nucleosomal arrays was performed (Fig. 
4A), and this substrate was found to be non-cooperative in SAGA-mediated acetylation (cooperativity 
constant of 0.86 ± 0.13). This loss of cooperativity was due to the truncation of the H3 tail, and not 
due to the presence of the 6-His tag, as arrays containing two full-length H3 histones with the 6-His 
tag exhibit full cooperativity (Fig. 4B). These results indicate that both H3 tails within a nucleosome 
must be present to generate cooperative acetylation, and that the presence of multiple full-length H3 
tails in single copy across different nucleosomes is insufficient to generate cooperativity. 
 
The simplest explanation for why both histone H3 tails are necessary for cooperative 
acetylation is that the SAGA complex must bind both tails during the course of the reaction. 
Presumably this tail binding is made possible by having binding domains in the enzyme complex 
located in a specific spatial orientation. To explicitly test this idea, we investigated the effect of 
moving the histone H3 tails to a new position. 
 
In the nucleosome each pair of histone tails extends past the nucleosomal DNA at different 
locations (Luger and Richmond, 1998). The H3 tails exit the nucleosome near the DNA entry/exit 
points and between gyres of the DNA (Fig. 4C). To a large extent, this puts the exit point of the H3 
tails in the same plane defined by the trajectory of the nucleosomal DNA.  In contrast, the histone 
H4 tails exit the nucleosome on opposite faces of the plane defined by the nucleosomal DNA. Thus, 
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moving the H3 tail to the location of the H4 tail would present a different binding surface to the 
SAGA complex and potentially disrupt the cooperativity of acetylation. To prepare such a tail-swap 
nucleosome, recombinant histone containing the amino-terminal tail of histone H3, fused to the 
globular domain of histone H4, H3gH4 (Fig. 2C), was expressed and purified (plasmid was a gift 
from J. Hansen). Octamers and mononucleosomes were assembled from H3gH4, H2A, H2B, tailless 
H3, and 5S rDNA. Tailless H3 was used to ensure that the major target of acetylation was the H3 tail 
of H3gH4. Initial-velocity kinetics were measured for the tail-swap mononucleosome (Fig. 4D). 
Fitting of the data to a cooperative saturation model resulted in a cooperativity constant of 1.02 ± 
0.07, i.e. non-cooperative binding. Thus, cooperativity of nucleosome acetylation not only requires 
two tails, but also requires that they be located in their normal spatial context. 
 
As substrate cooperativity is lost with elimination of a single tail, we sought to define the 
factors necessary for cooperativity at the amino acid level. Further, while experiments with both 
single-tail and tail-swapped nucleosomes show loss of substrate cooperativity, both substrates employ 
H3 histone truncated at the amino-terminus. The absence of these residues can affect the properties of 
nucleosomes, as mononucleosomes lacking the H3 tail demonstrate enhanced octamer mobility, while 
full-length H3 histones and H3 histones with smaller tail truncations do not (Ferreira et al., 2007a). 
To address both of these issues, we desired nucleosomes containing octamers with one copy each of a 
full-length wild-type H3 tail and a full-length H3 tail that cannot be acetylated. Tetra-ala H3 histone, 
containing a 6-His amino-terminal tag and K9A, K14A, K18A, K23A point mutations to prevent 
SAGA-mediated acetylation (Fig. 2C), was generated in high yield by native chemical ligation (Fig. 
S1) (Shogren-Knaak and Peterson, 2004). Asymmetric octamers containing equal amounts of 
wild-type H3 and tetra-ala H3 were produced in a manner similar to the single-tail octamers (Fig. 
5A). SAGA-dependent initial velocities were determined with mononucleosomes containing the 
tetra-ala H3/WT H3 octamers (Fig. 5B). Fitting of this data indicates that cooperativity of SAGA 
acetylation has been lost (cooperativity constant 0.95 ± 0.03). This both reinforces the single-tail and 
tail-swapped nucleosome results, and suggests that the lysine residues of both tails must be present to 
achieve substrate cooperativity.  
 
To determine whether this requirement is due to direct recognition of the lysine side-chain 
-amines, or due to recognition of the ultimate acetylated product, asymmetric mononucleosomes 
preacetylated on a single tail at lysine 9, 14, 18, and 23 were prepared using the same strategy 
employed above (Fig. S1 and 5A). The loss of substrate cooperativity exhibited by these 
25 
 
preacetylated nucleosomes (cooperativity constant 0.99 ± 0.10, Fig. 5C) indicates that acetylation of 
the target sites of the SAGA complex in one tail of a nucleosome complex disrupts cooperative 
acetylation, and suggests that cooperativity is mediated by the recognition of free lysine side chains in 
the H3 histone tail. 
 
Discussion 
In enzyme kinetics, substrate cooperativity can occur when the initial activity of an enzyme 
toward a substrate, be it binding or turnover, activates the system toward further reaction with 
substrate. This study shows that, in the case of SAGA-mediated histone acetylation, this activation 
requires that within a nucleosome both H3 tails exist in their proper orientation, and that the target 
sites of SAGA acetylation are present and unacetylated. To understand this behavior mechanistically, 
several models were investigated.  
 
Initially we considered cases where binding of a single unmodified or acetylated H3 tail 
facilitates acetylation of the second tail in the same nucleosomes. However, neither explicit rate 
equation solutions, nor kinetic simulations bases on our experimental results generated robust 
cooperativity (Fig S2-S4). Instead, they conformed to Michaelis-Menten kinetics, where initial H3 tail 
binding could increase the overall apparent affinity for substrate. One reason that such a situation 
does not lead to cooperativity is due to the fact that, while binding of the first H3 tail is directly 
related to the overall substrate concentration, increased binding of the second H3 tail is due to an 
increase of effective concentration of the substrate and is not improved by increasing the actual 
substrate concentration. It is important to note that even though this model does not generate 
cooperative behavior, it could still be an important aspect of the overall kinetic mechanism. 
 
An alternative kinetic model is that intramolecular binding of a nucleosome via both H3 tails 
facilitates intermolecular binding of a second nucleosome. In our experiments this second nucleosome 
would be either another mononucleosome or a nucleosome located in a different nucleosomal array. 
Explicit rate equation solutions and kinetic simulations confirm that such models do readily generate 
substrate cooperativity consistent with our experimental results (Fig. S5 and S6). In our current 
working model (Fig. S5D), the binding of both unacetylated H3 tails within a nucleosome induces an 
allosteric change in the SAGA complex, facilitating intermolecular binding of another nucleosome 
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and maximal acetylation activity. In this model, intramolecular binding of a second nucleosome 
within the same array could also occur. However, because this pathway is non-cooperative it cannot 
occur exclusively, otherwise no positive cooperativity would be observed.  
 
In the SAGA complex numerous protein domains are potential candidates for mediating 
binding to nucleosomes. Domains known to bind unmodified H3 tails include the active site of Gcn5 
and the SANT domain of Ada2 (Boyer et al., 2002). Furthermore, while binding of H3 tails is 
essential for substrate cooperativity, interactions with the whole histone protein or other aspects of 
nucleosome structure, such as nucleosomal DNA binding by the SWIRM domain (Qian et al., 2005), 
could be required. Binding of multiple nucleosomes is consistent with either a monomeric or 
multimeric SAGA complex (Fig. S5A and S5B). While isolated SAGA complex is monomeric (Wu 
et al., 2004), the complex might oligomerize in its biological context. Additionally, binding of the 
second nucleosome may only require interactions with a portion of it. 
 
In vitro, nanomolar concentrations of nucleosomes are necessary to reveal kinetic 
cooperativity, while in vivo, average nucleosome concentrations are substantially higher. Within the 
nucleus, such modulation of presaturation binding of SAGA to nucleosomes may still be significant, 
because nucleosome affinity could be significantly reduced due to factors such as chromatin 
compaction and chromatin-associated proteins, and because the effective concentration of 
nucleosomes could be reduced if cellular nucleosome are not freely mobile. More importantly, our 
kinetic analysis reveals a mechanistic aspect of SAGA activity that, while only observable at 
nanomolar concentrations, would occur over all concentrations. Specifically, it shows that the SAGA 
complex binds, and potentially acetylates, multiple non-contiguous nucleosomes. In our experiments 
these binding interactions occurred intermolecularly. In the cell nuclei this could occur either between 
different chromosomes or between nucleosomes that are separated by large distances in sequence, but 
which are organized to be close in three dimensional space. Such spatial colocalization of 
noncontiguous genes has been proposed as an important mechanism of coregulation of gene 
expression. A number of potential examples exist, including “transcriptional factories” of multiple 
copies of RNA polymerase II and associated transcriptional machinery (Fraser, 2006), and 
localization of coregulated genes to nuclear pore complexes (Akhtar and Gasser, 2007).  
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One of the best-characterized examples of spatial coregulation comes from chromatin that 
interacts with proteins associated with nuclear architecture. Kohwi-Shigematsu and coworkers have 
shown that during thymocyte differentiation, the DNA-binding protein SATB1 is both necessary for 
organizing multiple cytokine genes into loop structures, where these gene promoters become 
colocalized to the hub of these loops, and is required for efficient coexpression of these genes (Cai et 
al., 2006). Further, SATB1 is essential for robust acetylation of coregulated promoters, as loss of 
SATB1 reduces histone H3 K9 and K14 acetylation, presumably due in part to loss of chromosomal 
loop structure (Cai et al., 2003). These observations are consistent with the idea that SAGA 
cooperativity could promote coregulation of colocalized genes. Recruiting a coactivator complex like 
SAGA to the promoter of one of the coregulated genes, would not only increase the effective enzyme 
concentration to promote acetylation of nucleosomes in the other spatially proximal coregulated 
promoters, but the dual H3-tail interaction at nucleosomes in the original promoter could effectively 
couple its acetylation to its functional interaction with other coregulated promoters. This high degree 
of cooperativity would not only help to couple the activation of coregulated genes, but might also 
help to protect these promoters from global, and potentially noncooperative, histone deacetylation.  
 
 To our knowledge, the cooperativity of SAGA-mediated nucleosome acetylation is the first 
demonstration of the functional utilization of the same pair of histone tails. It seems likely that other 
enzyme complexes that interact with nucleosomes might exploit such homotypic cross-tail 
interactions within the nucleosome. For example, the catalytic core of the SAGA complex, Gcn5, 
Ada2, and Ada3 is shared with a number of other histone acetyltransferase complexes in yeast, as 
well as in higher eukaryotes (Lee and Workman, 2007). Additionally, many other chromatin 
remodeling complexes contain multiple potential histone tail interaction domains, such as the SANT 
(Boyer et al., 2004), chromo (Brehm et al., 2004), bromo (Zeng and Zhou, 2002), and PHD finger 
domains (Bienz, 2006). Further studies using tools such as asymmetric nucleosomes should help to 
address to what extent other systems utilize crosstalk between identical pairs of histone tails, and how 
such crosstalk ultimately influences biological function. 
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Figure Legends 
Figure 1. Acetylation of nucleosomal arrays by the SAGA complex is cooperative with respect to 
array concentration. (A) Initial-velocity of nucleosomal array acetylation per enzyme as a function of 
nucleosome concentration, where [SAGA]0 = 1.0 nM and [Acetyl-CoA]0 = 4.0 µM. For each 
nucleosomal array concentration the initial-velocity is the average of three trials, with the associated 
standard deviation indicated by the error bars. These data points are fit to both a Michaelis-Menten 
model (dashed line) and a cooperative saturation kinetics model (solid line). The cooperative 
saturation fit gives a cooperativity constant of 1.97 ± 0.15 (B) Linear fit of the data from A using 
the Lineweaver-Burke formulation of the Michaelis-Menten model. R = 0.983. (C) Linear fit of the 
data from A using the Hill plot formulation of the cooperative saturation kinetics model. Data is fit 
where the Hill plot demonstrates linearity, from 10-90% saturation (Fersht, 1998). Cooperativity 
constant is 1.91 ± 0.08. R = 0.997 
 
Figure 2. Mononucleosomes, but not histone H3 tails alone, demonstrate cooperative acetylation. (A) 
Initial-velocity of nucleosomal array acetylation per enzyme as a function of acetyl-CoA 
concentration. Assays were performed with a total nucleosome concentration of either 15 nM (solid 
line) or 150 nM (dashed line). Data were fit to the Michaelis-Menten model. Km values were 
determined to be 4.04 µM and 4.16 µM, respectively. (B) Initial-velocity of mononucleosome 
acetylation per enzyme as a function of nucleosome concentration. Data were fit to a cooperative 
saturation model to give a cooperativity constant of 1.76 ± 0.17. (C) Amino acid sequences of the 
histone H3 peptide and proteins utilized in this study. At the top is the sequence of wild-type, 
recombinant H3 histone. Highlighted below are the regions of this sequence that differ amongst the 
H3 histones and peptide analyzed. Deviations from the wild-type sequence are indicated in red. 
Side-chain acetylated lysine is abbreviated as X. (D) Initial-velocity of histone H3 tail peptide 
acetylation per enzyme as a function of peptide concentration as determined from the average of two 
independent trials. SAGA concentration is 10 nM, and acetyl-CoA concentration is 10 µM. Data were 
fit to a cooperative saturation model to give a cooperativity constant of 0.97.  
 
Figure 3. Generation of nucleosomes with asymmetric histone H3 composition. (A) Scheme for 
generation of histone octamers containing a single H3 tail. H3 histones are depicted as blue-grey 
wedges, while histones H2A, H2B, and H4 are a lighter orange. H3 histone with HHHHHH denotes 
32 
 
full-length H3 histone with a 6-His amino-terminal tag. H3 histone with a short tail denotes 
amino-terminal truncated H3 histone. The first arrow indicates octamer assembly, while the second 
indicates affinity purification of the tagged octamers. (B) Histone composition of octamers prepared 
as described in A before and after affinity purification. Histones were resolved on an 18% SDS-PAGE 
gel and stained with Coomassie. (C) Characterization of nucleosomal arrays prepared from single H3 
tail octamers. 208-12 5S rDNA nucleosomal arrays prepared at varying molar ratios of single tail 
octamer to octamer positioning site were digested with EcoRI and then separated on a native 4% 
PAGE gel and stained with ethidium bromide. Nuc and Naked indicate 5S mononucleosomes and free 
DNA, respectively. 
 
Figure 4. Truncation of a single histone H3 tail or repositioning of both H3 tails results in loss of 
cooperativity of substrate acetylation. (A) Initial-velocity of nucleosomal arrays per enzyme 
containing octamers with a single H3 tail as a function of nucleosome concentration. Three 
independent trials with differing nucleosome concentration were performed. Shown is a 
representative trial. Each trial was fit to a cooperative saturation model to give an average 
cooperativity constant of 0.86 ± 0.13. (B) Initial-velocity of nucleosomal arrays containing two 
copies of the amino-terminal 6-His tagged H3 histones as a function of nucleosome concentration. 
Data were fit to a cooperative saturation model to give a cooperativity constant of 1.86 ± 0.07. (C) 
Relative orientation of the H3 and H4 histone tails based on mononucleosome structure 1AOI.(Luger 
et al., 1997) DNA is depicted in white, H3 & H3’ histones in blue, and H4 and H4’ histones in green. 
The points at which the H3 and H4 tails exit the nucleosome are labeled in yellow. The histone tails, 
histones H2A and histone H2B are omitted for clarity. In the bottom image the point at which the H4 
tail exits the nucleosome occurs behind the DNA and is not labeled. (D) Initial-velocity per enzyme 
of histone H3 tail-swap mononucleosome as a function of nucleosome concentration. These 
mononucleosomes replace the H3 histones with tailless H3 histone, and histone H4 with the H3gH4 
fusion histone. Data was fit to a cooperative saturation model to give a cooperativity constant of 1.02 
± 0.07. 
 
Figure 5. Loss of free lysines on a single H3 histone tail result in loss of cooperativity of substrate 
acetylation. (A) Characterization of tetra-ala H3/wt H3 and tetra-ac H3/wt octamers. Histones were 
resolved on a TAU gel and stained with Coomassie. (B) Initial-velocity per enzyme of 
mononucleosomes containing tetra-ala H3/wt H3 octamers as a function of nucleosome 
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concentration. Data were fit to a cooperative saturation model to give a cooperativity constant of 0.95 
± 0.03. (C) Initial-velocity per enzyme of mononucleosomes containing tetra-ac H3/wt H3 octamers 
as a function of nucleosome concentration. Data were fit to a cooperative saturation model to give a 
cooperativity constant of 0.99 ± 0.10. 
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Table 
Table 1. Summary of kinetic constants determined in this study. 
 
Substrate [Half Saturation] (nM) kcat,app (min-1) Cooperativity Coefficient 
Wild-type 208-12 Arrays 33.6 ± 5.0 1.42 ± 0.15      1.97 ± 0.15 
Single H3 Tail Arrays 79.5 ± 9.2 1.54 ± 0.12 0.86 ± 0.13 
6-His Tagged H3 Arrays 36.2 ± 2.9 1.48 ± 0.04 1.86 ± 0.07 
    
Wild-type 196-1 Monos 17.3 ± 4.9 1.02 ± 0.11 1.76 ± 0.17 
H3 Tail Swap Monos 85.7 ± 5.7 0.84 ± 0.06 1.02 ± 0.07 
Tetra-Ala H3/Wt H3 Monos 38.9 ± 6.9 1.07 ± 0.07 0.95 ± 0.03 
Tetra-Ac H3/Wt H3 Monos 11.5 ± 2.4 1.12 ± 0.08 0.99 ± 0.10 
    
H3 Tail Peptide 130,000 0.52 0.97 
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Supporting Information 
Supplemental materials and methods 
DNA Template Preparation 
Plasmid containing 208-12 5S rDNA sequence was digested with restriction enzyme HhaI and purified by gel 
filtration chromatography (Carruthers et al., 1999). The 196-1 5S rDNA was generated by digesting the 208-12 
DNA plasmid with EcoRI for 24h at 37°C and purified by gel filtration chromatography.  
 
Histone Purification 
Expression and purification of recombinant Xenopus histones and their derivatives was performed 
according to standard methods (Luger et al., 1999). The plasmid encoding tail swap histone H4 
(T3G4) was a kind gift of Dr. Jeffrey C. Hansen. 6-His tagged H3 was amplified by PCR from the 
Xenopus histone H3 expression plasmid using the primers 5’-CC ACA CAT ATG CAT CAT CAT 
CAT CAT CAT GCC CGT ACC AAG CAG ACC GCC-3’ and 5’-GCA GCC AGA TCT AAG CCC 
TCT CGC CTC G -3’. The product was digested with NdeI and BglII and cloned into a pET3 
expression vector digested with NdeI and BamHI.  
 
Potential Acetylation Mechanisms 
Michaelis-Menten mechanism 
Under the standard Michaelis-Menten mechanism (Fig S2A), the SAGA enzyme complex, E, binds a 
single mononucleosome substrate, SS (each S represent a separate H3 histone tail), and then generates 
and releases an acetylated product, PS, where a single H3 tail is acetylated. Under steady state 
conditions, the initial rate of this product formation is: 
 (eq. 1) 
(Note, acetyl CoA is not explicitly included in the reaction mechanisms discussed. This is acceptable 
because our experimental results show that nucleosome binding does not change acetyl CoA binding, 
and because acetyl CoA is present in vast excess of nucleosome and SAGA. Thus, the concentration of 
acetyl CoA and its bound intermediates effectively do not change during our assays and are implicitly 
included in the kinetic constants and reaction intermediates).  
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In our experiments such a mechanism is not observed, as the initial rate of nucleosome acetylation as 
a function of substrate concentration shows a high degree of positive cooperativity (Fig. 1A). Positive 
cooperativity arises when binding of one substrate facilitates its activity toward another. The 
mononucleosome is the substrate but contains two H3 tails capable of acetylation. To determine 
whether the interaction of SAGA with the two tails of a single nucleosome can generate 
cooperativity, a number of mechanisms can be considered.  
 
Single nucleosome mechanisms with multiple intermediates 
The simplest model of facilitated binding is one in which binding of one unacetylated H3 tail 
promotes the binding of the other unacetylated tail, and this bound intermediate can undergo 
acetylation (Fig. S2B). Because the intermediates only involve binding changes, it is reasonable to 
assume that they are formed rapidly, and that under initial rate conditions they are at steady state. This 
allows us to calculate their concentration as a function of free substrate and enzyme: 
 
 
For the steady-state concentration of SAGA bound to both H3 tails, [E*SS]: 
 
    
€ 
d[E *SS]
dt = k3[ESS] - k4[E *SS] - k5[E *SS] = 0
                    
 
 
To further express [E*SS] as the reaction concentration of free nucleosome, [SS], and 
SAGA, [E], we need to determine the reaction concentration of SAGA bound to a single H3 tail, 
[ESS], which can be expressed in terms of [E] and [SS]: 
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We can now go back to calculate the steady state concentration of [E*SS]: 
 
    
 
Thus the rate of product formation as a function of free substrate enzyme is: 
 
 
 
In and of itself this expression is not practically useful because the concentration of free 
substrate and enzyme are not readily measured during the assay. However, these terms can be 
reexpressed in terms of a known quantities, [SS]o and [E]o, initial substrate and enzyme 
concentration: 
 
 • For [SS]o, since in the experiment [SS]o>>[E]o, and assays are performed during the 
initial course of the reaction where little total substrate is consumed: 
   
[SS] = [SS]o 
   
• For [E]o, during the reaction all species involving the enzyme must add up to the total 
initial concentration of enzyme, which allows the free enzyme concentration to be expressed as a 
function of the initial enzyme concentration:  
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Thus, the rate of product formation in terms of [SS]o and [E]o is: 
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 (eq. 2) 
 
Although this expression is complicated, it can be readily simplified by defining new kinetic 
constants. kcat and KM, as composites of individual rate terms: 
  
 
 
This expression is simply the Michaelis-Menten equation. With the addition of all of the 
kinetics terms, the expression maintains the fact that the initial binding step facilitates the subsequent 
binding and acetylation steps, making the overall KM of the entire reaction different than the KM of the 
simpler mechanism. Nonetheless, this change in binding mechanism does not change the equation to 
become cooperative with respect to initial substrate concentration. One way to think about this is that 
in the first mechanistic step, the concentration of bound intermediate, ESS, depends directly on the 
concentration of initial substrate. However, once formed, the conversion of any given molecule ESS 
to E*SS doesn’t increase with an increase of SS. Thus, to summarize, this mechanism can change 
both the half saturation concentration of the reaction (KM) and maximum reaction rate (via kcat), but 
doesn’t change the hyperbolic, non-cooperative shape of the saturation curve. 
  
 A related mechanism is one in which either of the bound nucleosome intermediates, ESS 
and E*SS, can generate nucleosome product acetylated on a single tail (Figure S2C). Like the 
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previous mechanism, this mechanism is expected to be non-cooperative for identical reasons. 
Specifically, once ESS is formed, the amount of E*SS formed doesn’t increase with increasing SS. 
Instead it is only subject to the rate of conversion between ESS and E*SS and the rate of turnover of 
these intermediates to product. Thus, if only product is detected, these parallel pathways combine to 
form a new effective rate of product formation according to the Michaelis-Menten equation. Even if 
the product for each pathway is not the same, (Figure S2D), the assay only counts the total amount of 
histone acetylation. Thus, the pathway that generates PP kinetically just appears to be twice as fast as 
an identical pathway that generates PS. 
 
 In the mechanisms considered to this point, SAGA does not specifically recognize 
acetylated histone, P. In principle, this recognition could occur two different ways, either directly 
after its production without release, or through rebinding after release. A simple non-dissociative 
mechanism is considered first. In this mechanism, a single H3 tail is acetylated, followed by enzyme 
rearrangement without release and then acetylation of the other histone tail (Figure S2E). If all 
intermediates are under steady-state conditions, the rate of PP formation can be derived in a manner 
nearly identical to that for mechanism 2B: 
  (eq. 3) 
Again, this complicated rate expression essentially has the form of the Michaelis-Menten 
equation: 
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=  
 
That is, this non-dissociative mechanism is non-cooperative in PP formation with respect to 
changes in initial SS concentration. An additional complication is that the current assay utilized likely 
also monitors PS formation, requiring its inclusion. However, under steady-state conditions, the 
concentration of EPS (and E*PS) doesn’t change over time. To be at steady state, EPS formation must 
be fast relative to PP formation, and will be reflected in an initial burst of PS counts, followed by a 
constant concentration of both it and EPS. 
 
 In our assays, no burst of acetylation is observed, so it seems unlikely that production of the 
EPS intermediate reaches a steady state. In this case, both PS and PP species with be changing with 
time and must be accounted for. However, in analogy to the mechanism in figure S2B, once EPS is 
formed, its conversion to E*PS and PP does not increase with increasing SS concentration, as no 
other pathways are available for either the enzyme or intermediate. Even if multiple pathways to 
product are available (Figure S2F), as they both occur non-dissociatively, they are not subject to 
changes in [SS]o, similar to the mechanism of figure S2C. 
 
 A mechanism in which PS dissociates and can be bound and reacted with is shown in figure 
S2G. In this mechanism, a key difference from previous mechanisms is that once PS is formed, its 
binding with enzyme is in competition with SS, and so the rate of subsequent steps will potentially be 
affected by changes in the initial concentration of SS. To directly address this more complicated 
model, kinetic time course simulation were performed using COPASI 4.2. In these simulations, the 
kinetic mechanism was defined, and then kinetic and initial reactant concentrations were set based on 
experimental results. Simulations were then run at various substrate concentrations for the time period 
of the experimental assays. These time courses were fit for initial rate as though they were 
experimental data, and then the initial rates were fit to the cooperative saturation kinetics model 
(equation 5) as a function of initial substrate concentration to determine the cooperativity constant of 
the mechanism. The validity of this approach can be seen in that simulation of conversion of 
mononucleosomes with a single acetylated tail to doubly-acetylated mononucleosomes using 
Michaelis-Menten kinetics (second half of the mechanism depicted in figure S2G) agree closely with 
kinetic constants that were experimentally derived (Figure S3). 
 
46 
 
 As this conversion of PS to PP constitutes half of the mechanism in figure S2G, it became 
the basis to simulate the full mechanism. For the first half of the mechanism, the conversion of SS to 
PS, we started with our experimental data for the acetylation of mononucleosomes containing 
Tetra-Ala H3/Wt H3 asymmetric octamers.  With this simulation we find that the generation of total 
acetylation as a function of time is not cooperative, with a cooperativity constant of 0.98 (Figure 
S4A). In this case, it appears that during the course of the assay, the amount of PS generated cannot 
compete with SS, and so the amount of EPS and PP that is generated is relatively small (Figure S4B), 
making the reaction largely reflect the first half of the mechanism. Furthermore, this lack of 
cooperativity appears robust. Individually changing k1/k2, k3, k4/k5, or k6 either up or down by 4- 
and 16-fold does not generate significant cooperativity (at most a cooperativity constant of 1.14), 
even when PP starts to be generated in significant quantities during the simulated assay (Figure S4C). 
Thus, it seems unlikely that this dissociative mechanism provides the observed cooperativity 
constants (up to 1.97). 
 
Multiple nucleosome mechanisms 
 In contrast to the mechanisms considered for the interaction of SAGA with single 
mononucleosomes, mechanisms in which SAGA interacts with multiple mononucleosomes can 
readily provide a high degree of positive cooperativity. The simplest of such mechanism is one in 
which two substrates are bound simultaneously to one enzyme resulting in the generation of a single 
product (Figure S5A). Assuming initial velocity and steady state conditions, the initial rate of product 
formation can readily be calculated in the same manner as used for the mechanism in figure S2B: 
 
 (eq. 4) 
 
Note, if SAGA exists as a dimer and generates two product simultaneously (mechanism in figure S2C), 
the equation for the initial rate of [PS] formation as a function of [E]o (not [E2]o), is exactly the same. 
Thus, our kinetic measurements cannot distinguish between these possibilities. Because isolated SAGA 
complex exists as a monomer, further mechanisms considered use monomeric SAGA complex. 
 
In the mechanisms that generate equation four, two substrates are bound simultaneously. 
However, when this mechanism is generalized to n substrates, the rate expression becomes: 
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  (eq. 5) 
 
This equation is in fact the cooperative saturation kinetics equation that we have used 
throughout to calculate the cooperativity constant, n, where when a single nucleosome is bound, the 
equation become the Michaelis-Menten equation. As our wild-type nucleosomal array kinetic results 
fit this equation well with a cooperativity constant of 1.97 (Figure 1A and S6A), a possible 
mechanism to explain this kinetic behavior is that the enzyme binds two nucleosomal arrays 
simultaneously to generate product.  
 
 This requirement for simultaneous binding of two substrates makes this mechanism 
possible, but unlikely. An alternative formulation is one in which binding is sequential, where binding 
of a first substrate promotes binding of the second (Figure S5C). Using previous assumptions and 
techniques, it can be shown that the initial rate of PS formation is as follows: 
  
  (eq. 6) 
 
To what extent this mechanism would be well fit to the cooperative saturation kinetics 
equation (eq. 5) with high positive cooperativity depends on the relationship between the binding 
affinities for the first and second substrates (k1/k2 and k3/k4, respectively) and the turnover rate (k5). 
As an example, for simulations of SAGA acetylation of wild-type mononucleosomes we could 
assume that the first KD is simply the KM of SAGA for the tetra-ala H3/wt H3 mononucleosome, that 
the on rate for the first and second binding step are near diffusion limited and identical, and that the 
turnover rate is defined by the Vmax for wild-type mononucleosome acetylation. This allows us to 
simply vary the off rate, k4, for formation of the second intermediate. Plotting the initial rates as a 
function of nucleosome concentration (eq. 6), and then fitting them to the cooperative saturation 
kinetics equation (eq. 5) reveals several things (Figure S6B). As k4 decreases relative to k2 (i.e. the 
dissociation constant for E(SS)2 formation becomes tighter than that of ESS), the half saturation 
concentration for the overall reaction becomes lower, and the cooperativity constant increases. This 
behavior is reasonable, as the mechanism for simultaneous binding of two substrates can be thought 
of as binding of a first substrate, followed by extremely tight binding of the second substrate, 
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effectively coupling the two binding events. Moreover, specific values for the simulated data (KD2 = 
(1/16) x KD1) are in relatively good agreement with the experimental data (cooperativity constants of 
1.71 versus 1.76 and half saturation concentrations of 11.6 nM versus 17.3 nM for simulated versus 
experimental data, respectively). 
 
 Improving the fit of the data can be achieved a number of different ways. For example, in 
the generation of ESS, if the assumption that the KD for the process is not equal to the KM measured 
for the Tetra-Ala H3/Wt H3 mononucleosome, but instead is 2-fold greater (which is plausible if 
additional bound intermediates exist between ESS and E(SS)2), then very good agreement between 
simulation and experimental data is observed (Figure S6C-cooperativity constants of 1.80 versus 1.76 
and half saturation concentrations of 15.7 nM versus 17.3 nM for simulated versus experimental data, 
respectively). Similar improvement could also potentially be achieved by varying other kinetic 
parameters, investigating mechanisms in which three or more substrates are bound sequentially, or 
considering concerted models of substrate binding. Thus, while this sequential model fits the data 
well, it is not the only possible model consistent with the data. However, unlike the mechanisms that 
consider only binding of a single nucleosome, this model does reproduce the high degree of positive 
cooperativity observed experimentally. 
 
 This sequential mechanism can be expanded in several ways to account for our other 
experimental observations (Figure S5D). To account for the ability of single-tail nucleosome to be 
acetylated, an intermediate with single tail binding, ESS*, can be added. The intermediate can 
undergo non-cooperative acetylation. From ESS* the second H3 tail within the nucleosome can be 
bound to form ESS. SAGA then undergoes an allosteric change to form the intermediate, E*SS, 
which exhibits a strong affinity for a second nucleosome. For nucleosomal arrays, this second 
nucleosome can come from either a different nucleosomal array (which will show cooperative 
acetylation), or from the same strand to generate E(SS)2* (which will not exhibit cooperative 
acetylation for the same reasons that the mechanism in figure S2B is not). While the non-cooperative 
acetylation pathways from ESS* and E(SS)2* can occur, they cannot occur at the exclusion of the 
cooperative pathway, otherwise no cooperativity would be observed experimentally, suggesting that 
they are relatively minor compared to the cooperative pathway. Our model does not explicitly include 
the fact that the SAGA complex can acetylate multiple lysines on the H3 tail, and instead considers 
them in aggregate. More complicated models that include these sites individually would not be 
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expected to change the overall mathematics of the model, but could incorporate potential changes in 
the product specificity of the cooperative pathway relative to the noncooperative pathways. 
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Supplemental Figures Legends 
Figure. S1. General scheme and analysis of the tetra-ala H3 (left) and tetra-ac H3 (right) histone 
ligation reaction (right). The crude reaction mixture was separated on an 18% SDS-PAGE gel and 
stained with Coomassie 
 
Figure. S2. Potential SAGA-mediated acetylation mechanisms involving a single mononucleosome. 
Details are given in the supporting information section. 
 
Figure. S3. Kinetic simulation of acetylation of a mononucleosome preacetylated on a single H3 tail. 
(A) Simulated time course of acetylation. The model chosen is the second half of mechanism G in 
supplemental figure 2. A Vmax/[E]0 of 1.08 min-1and a KM of 11.1 nM were chosen based on the 
appropriate experimental data. Based on these values, rate constants of k4 = 6x109 M-1min-1, k5 = 66.6 
min-1, and k6 = 1.08 min-1, were chosen. Initial enzyme concentration was 1.0 nM. PS substrate was 
varied from 10-120 nM by steps of 10 nM. Simulated timepoints were plotted for every 0.2 min. 
Concentration of PP as a function of time was fit to a line to determine initial rates. Increasing PS 
concentration resulted in fits with increasing slope. (B) Plot of initial velocity of PP production per 
enzyme as a function of mononucleosome concentration. White circles represent the initial rates from 
the simulated data in A. These data were fit to a cooperative saturation kinetics model (equation 5), 
resulting in a cooperativity constant of 1.06,  a half-saturation concentration of 12.4 nM, and a 
Vmax/[E]0 of 1.07 min-1. For comparison, the analogous experimental data is shown in black.  
 
Figure. S4. Kinetic simulation of the sequential, dissociative, mononucleosome acetylation 
mechanism described in figure S2G. (A) Plot of initial velocity of total P production per enzyme as a 
function of mononucleosome concentration. Black circles represent initial rates obtained for 
simulated time courses at that concentration of nucleosome. The mechanism utilized for these 
simulations is that shown in figure S2G. Simulation parameters utilized were the same as those 
described in figure S3, with the addition of k1 = 6x109 M-1min-1, k2 = 233.4 min-1, and k6 = 1.08 min-1, 
based on a KM of 38.9 nM and a Vmax/[E]0 of 1.08 min-1 for tetra-ala H3/wt H3  mononucleosomes. 
Fit (solid line) of the initial rates per enzyme to a cooperative saturation kinetics model (equation 5) 
resulted in a cooperativity constant of 0.98, a Vmax/[E]0 of 1.09 min-1and a KM of 39.2 nM. (B) 
Selected time courses for simulations described in A. Time courses are shown for initial 
mononucleosome concentrations of 10, 50, and 160 nM. Progress curves are shown for individual 
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acetylated species (PS, EPS, PP) as well as for total acetylation (PS+EPS+2PP). (C). Cooperativity 
constants obtained from simulation that result from the perturbation of kinetic parameters used in A. 
Individually, k1/ k2, k3, k4/ k5, k6 were varied from 1/16th- to 16-fold of their values in A. Because it 
was assumed that the on rate for both SS and PS were constant and identical (k1 and k4, respectively), 
k1/ k2 and k4/ k5 were perturbed by changes in k2 and k5. 
 
Figure S5. Potential SAGA-mediated acetylation mechanisms involving multiple nucleosomes. 
Details are given in the supporting information section. 
 
Figure S6. Kinetic simulations of nucleosome acetylation mechanisms involving binding of multiple 
nucleosomes. (A) Plot of initial velocity of the total P production per enzyme as a function of 
nucleosome concentration using the Hill mechanism (Figure S5A and B). White circles represent 
initial rates obtained for simulated time courses at that concentration of nucleosome. The mechanism 
utilized for these simulations is that shown in figure S5A. Simulation parameters utilized were based 
on the results from SAGA-mediated acetylation of nucleosomal arrays, and include a half saturation 
concentration of 33.6 nM, a Vmax/[E]0 of 1.42 min-1, and cooperativity constant of 1.97. These data 
were fit to a cooperative saturation kinetics model (equation 5). Experimental data are shown with 
black circles for comparison. (B) Plot of the initial velocity of total P production as a function of 
nucleosome concentration using a sequential binding mechanism (Figure S5C). Non-black circles 
represent initial rates obtained using equation 6. For all plots the following kinetic parameters were 
used: [E]o = 1.0 nM, [SS]o from 0 to 300 nM by 5 nM steps, k1 = 6x109 M-1min-1, k2 = 233.4 min-1, k3 
= 6x109 M-1min-1, and k5 = 1.09 min-1. The off rate, k4, was varied and included values of 233.4, 58.35, 
14.6, and 3.6 min-1. KD1 and KD2 are defined as the ratios of k2/k1 and k4/k3, respectively. These initial 
rates per enzyme were fit to a cooperative saturation kinetics model (equation 5). From this fit, the 
following kinetic constants were obtained (from bottom to top fits): Cooperativity constants – 1.50, 
1.61. 1.71, and 1.75; half saturation concentrations – 59.0 nM, 25.0 nM, 11.6 nM, and 6.0 nM. For 
comparison, data for SAGA acetylation of wild-type mononucleosomes, black circles, is included. 
For these data, a cooperativity constant of 1.76 and a half saturation concentration of 17.3 nM was 
obtained. (C). As part B, but k2 = 466.8 min-1 and k4 = 14.6 min-1. From the fit of the simulated data, 
the cooperativity constant is 1.80 and the half saturation concentration is 15.7 nM. 
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Abstract 
Bromodomains are acetyl-lysine binding modules found in many complexes that regulate 
gene transcription. In budding yeast, the coactivator complex SAGA predominantly facilitates 
transcription of stress activated genes and requires the bromodomain of the Gcn5 subunit for full 
activation of a number of these genes. This bromodomain has previously been shown to promote 
retention of the complex to H3 and H4 acetylated nucleosomes. Because the SAGA complex 
mediates histone H3 acetylation, we sought to determine to what extent the Gcn5 bromodomain 
directly modulates histone acetylation activity. Kinetic analysis of SAGA-mediated acetylation of 
nucleosomal substrates reveals that this bromodomain: 1) is required for the cooperative acetylation 
of nucleosomes, 2) enhances acetylation of an H3 histone tail when the other H3 tail within a 
nucleosome is already acetylated, and 3) augments the acetylation turnover of nucleosomes 
previously acetylated at lysine 16 of the histone H4 tails. These results indicate that the Gcn5 
bromodomain promotes the establishment of nucleosome acetylation through multiple mechanisms 
and more generally shows how chromatin recognition domains can modulate the enzymatic activity 
of chromatin remodeling complexes. 
 
Introduction 
 The SAGA (Spt-Ada-Gcn5-acetyltransferase) complex in Saccharomyces cerevisiae is a 1.8 
MDa complex composed of over 20 protein subunits and is highly conserved in eukaryotes (Baker 
and Grant, 2007; Grant et al., 1997; Lee and Workman, 2007). This complex has an important role in 
promoting gene expression, as it has been shown that, in combination with TFIID, it contributes to the 
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transcription of nearly all yeast genes and serves especially to activate transcription of genes induced 
in response to cellular stress (Huisinga and Pugh, 2004).  
 
One aspect of SAGA function that is important for gene activation is the ability to act as an 
acetyltransferase (Huisinga and Pugh, 2004). The core acetyltransferase activity of SAGA is 
contained in the Gcn5 subunit (Brownell et al., 1996; Grant et al., 1997), and the complex has been 
shown to acetylate lysine residues of histone proteins that comprise chromatin, especially the H3 
histone (Grant et al., 1997). H3 acetylation occurs in the amino terminal histone tails predominantly 
at lysine 14, but also occurs at lysines 9, 18, and 23 (Grant et al., 1999). Acetylation of the H3 tail is 
thought to facilitate transcription by promoting the localization of activators of transcription (Agalioti 
et al., 2002; Hassan et al., 2002), as well as by potentially directly changing nucleosome structure 
(Wang and Hayes, 2008).  
 
Another aspect of the SAGA complex that is important for gene activation is the 
bromodomain of the Gcn5 subunit, as expression of a number of inducible genes rely on its presence 
specifically, or in combination with other bromodomain-containing proteins (Barbaric et al., 2003; 
Hassan et al., 2002). The bromodomain is a protein module that recognizes acetylated lysine resides 
and is found in many complexes that regulate gene transcription (Mujtaba et al., 2007). 
Bromodomains recognize acetylated lysines in specific proteins through direct interactions of the 
bromodomain with amino acids that flank the acetylated lysine residue (Zeng et al., 2008), and by the 
spatial arrangement of the bromodomain within the larger protein complex (Hassan et al., 2002). The 
Gcn5 bromodomain, or a nearly identical homolog in human PCAF protein, has been shown to 
directly mediate interactions with acetylated activators of transcription, and acetylated H3 and H4 
histone tails (Hassan et al., 2002; Mujtaba et al., 2002; Owen et al., 2000; Zeng et al., 2008). In these 
cases it has been proposed that binding of the Gcn5 bromodomain to acetylated targets acts to localize 
and increase the retention of the SAGA complex, thereby promoting its histone acetyltransferase 
(HAT), and HAT-independent activation functions. 
 
 Although the Gcn5 bromodomain of the SAGA complex has been shown to promote its 
retention on acetylated chromatin, we were interested in directly determining the effect of this 
bromodomain on nucleosome acetylation activity. Our previous studies have shown that detailed 
kinetic analysis of SAGA-mediated acetylation of nucleosomes can reveal mechanistic aspects of the 
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establishment of nucleosome acetylation that are not readily apparent using other approaches (Fry et 
al., 2004; Li and Shogren-Knaak, 2008; Shogren-Knaak et al., 2003). Using this strategy, we sought 
to ascertain the role of the Gcn5 bromodomain on unacetylated nucleosomes, nucleosomes 
homogeneously acetylated on the histone H3 tail, and nucleosomes homogeneously acetylated on 
lysine 16 of the H4 histone tail. 
 
Materials and Methods 
Histone, DNA, Octamer and Nucleosome Preparation 
Recombinant Xenopus laevis histones were expressed, purified, and characterized according to 
standard methods (Luger et al., 1999). Tetra-Ala H3, Tetra-Ac H3 and H4K16Ac ligated histones 
were prepared and characterized as previously described (Li and Shogren-Knaak, 2008; 
Shogren-Knaak et al., 2006b). DNA templates containing the Lytechinus veriegates 5S rDNA 
sequence was generated and characterized as previously described (Li and Shogren-Knaak, 2008). 
Symmetric histone octamers were assembled and quantified according to standard protocols (Luger et 
al., 1999). Asymmetric octamers containing ligated histone H3 were prepared and quantified as 
previously described (Li and Shogren-Knaak, 2008). Mononucleosome and nucleosomal arrays were 
prepared by step dialysis from DNA template and purified histone octamers (Carruthers et al., 1999). 
Nucleosomes with similar saturation were used, as determined by native gel analysis of the assembled 
mononucleosomes or of the mononucleosomes generated by EcoRI digestion of the nucleosomal 
arrays (Carruthers et al., 1999). Mononucleosome and array concentrations were determined by DNA 
absorbance. 
 
Ada2/Ada3/Gcn5 subcomplex expression and purification 
The plasmid containing the Ada2/Ada3/Gcn5-Y413A sequence was generated by QuikChange 
mutagenesis (Stratagene) from a plasmid encoding the wild-type Ada2/Ada3/Gcn5 complex 
(Balasubramanian et al., 2002) and confirmed by DNA sequencing. The Ada2/Ada3/Gcn5 and 
Ada2/Ada3/Gcn5-Y413A subcomplexes were expressed and purified as described (Barrios et al., 
2007). Protein concentrations were determined by comparison with known amounts of recombinant 
Gcn5 on 15% SDS/polyacrylamide gel, stained with Coomassie Blue. The molecular mass of the 
Ada2/Ada3/Gcn5 subcomplex was determined by sedimentation equilibrium analysis using a 
Beckman XLA analytical ultracentrifuge. Cetrifugation was performed with 2.7 µM 
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subcomplex at 8,000 and 11,000 RPM. The resulting data were fit to multiple models using 
Ultrascan 7.2 (University of Texas, Health Science Center at San Antonio). 
 
SAGA complex purification 
Yeast strain FY2031 encoding TAP-tagged Spt7 was a generous gift from Fred Winston (Harvard 
Medical School). Yeast strain MSK183 encoding Gcn5-Y413A was constructed by PCR-based gene 
modification (Longtine et al., 1998). Briefly, Gcn5 was deleted by transforming strain FY2031 with 
URA3 PCR product composed of the URA3 gene flanked by 40 bp of Gcn5 genomic upstream and 
downstream sequences. The transformants were selected on Ura- plates to create strain MSK198. The 
URA3 gene was then replaced by transforming strain MSK198 with Gcn5-Y413A PCR product 
amplified from the bacterial expression plasmid described above. Selection of 5-FOA resistant 
colonies resulted in the desired Gcn5-Y413A mutant strain, MSK183. Gcn5-Y413A integration was 
further confirmed by sequencing the PCR products obtained by using its genome as the template. The 
SAGA complex was isolated by tandem affinity purification as described previously (Wu et al., 
2004). SAGA composition was confirmed by silver staining. SAGA concentration was determined by 
comparative Western blotting against known amounts of recombinant Gcn5 using anti-Gcn5 antibody 
(sc-9078; Santa Cruz).  
 
Histone acetyltransferase kinetics assays 
Initial rates of nucleosome acetylation were measured using a radioactive P81 filter binding assay as 
described previously (Li and Shogren-Knaak, 2008). Assays were performed at 30°C in HAT buffer 
(50 mM Tris pH 7.5, 5% glycerol, 0.125 mM EDTA, 50 mM KCl, 1 mM DTT, 1 mM PMSF, 10 mM 
sodium butyrate) with various concentrations of nucleosomal arrays or mononucleosomes, 4.0 µM 
acetyl-CoA (1.25 µCi/µM [3H] acetyl-CoA), and either 1.0 nM SAGA or 2.5 nM of the 
Gcn5/Ada2/Ada3 subcomplex. In addition to the gel-based quantification of the enzymes described 
above, equivalence of activity for Wt and mutated enzymes was confirmed by acetylation assay. In 
these assays, for equal amounts of enzyme, the extent of acetylation after 3 minutes for 300 nM of 
nucleosome was determined. For the average of three trials, it was found that mutated 
Ada2/Ada3/Gcn5 subcomplex and SAGA complex activities were 105% and 108% of their Wt 
activity, respectively. Parameters describing initial rates as a function of substrate concentration were 
obtained by fitting the data to the cooperative saturation kinetics model: 
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V = Vmax * [S]n /(K + [S]n) 
 
Except when noted otherwise, assays were performed three times, with the reported kinetic constants 
being the average of the individual fits.  
 
Characterization of Acetylation Products 
The histone specificity of SAGA-mediated acetylation was determined in assays with 0.12 µM 
nucleosomes (1 µg total histone), 0.83 µM acetyl-CoA (1.20 µCi/µM [3H] acetyl-CoA), and 2.0 nM 
SAGA complex in HAT buffer at 30°C for 40 min. Histones were resolved by gel electrophoresis on 
an 18% SDS/polyacrylamide gel. The gel was then stained with Coomassie Blue to visualize histones, 
destained (30% methanol, 10% acetic acid, 3% glycerol), treated with ENHANCE (Vermeulen et al.) 
for 40 min, and incubated with cold 2% glycerol. The dried gel was analyzed by fluorography. The 
lysine specificity of SAGA-mediated acetylation was determined in assays with 0.58 µM 
nucleosomes (5 µg total histone), 3.75 µM acetyl-CoA (1.60 µCi/µM [3H] acetyl-CoA), and 4 nM 
SAGA complex. Reactions proceeded for 4 min at 30 °C before being quenched with TCA (10%). 
Histones were resolved by gel electrophoresis on an 18% SDS/polyacrylamide gel and transferred to 
PVDF membrane (Millipore). Histone H3 was excised from the membrane and analyzed by Edman 
degradation microsequencing (W. M. Keck Foundation Biotechnology Resource Laboratory, Yale 
University). 
 
Results 
The role of the Gcn5 bromodomain in the cooperative acetylation of nucleosomes  
Previous kinetic analysis of SAGA-mediated nucleosome acetylation revealed that this 
process is highly cooperative, consistent with a model in which initial binding of a nucleosome 
promotes binding of at least one additional, non-contiguous nucleosome (Li and Shogren-Knaak, 
2008). To determine factors in the SAGA complex required for cooperative acetylation, we first 
sought to define subunits that were sufficient to recapitulate cooperativity. Work by Tan and 
coworkers has shown that the majority of SAGA activity and product specificity toward peptide 
substrates could be reproduced with three SAGA subunits, Gcn5, Ada2, and Ada3 (Balasubramanian 
et al., 2002). To test whether these subunits could also recapitulate cooperative acetylation of 
nucleosome substrates, they were co-expressed and purified to generate the Ada2/Ada3/Gcn5 
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subcomplex (Figures 1A ). To test whether these subunits could also recapitulate cooperative 
acetylation of nucleosome substrates, they were co-expressed and purified to generate the 
Gcn5/Ada2/Ada3 subcomplex (Figure 1A). For our chromatin model system, recombinant, 
unacetylated histone octamers were deposited onto a DNA template containing twelve 208 base pair 
head-to-tail repeats of Lytechinus veriegates 5S rDNA (Carruthers et al., 1999; Simpson et al., 1985). 
Total transfer of radioactive acetyl-groups from acetyl-CoA to nucleosomes as a function of time was 
determined by a filter binding assay (Eberharter et al., 1998). Initial velocity kinetics of acetyl 
incorporation at varying nucleosomal array concentrations revealed that nucleosomal acetylation by 
the Ada2/Ada3/Gcn5 subcomplex also showed significant cooperativity (cooperativity constant of 
1.63 ± 0.17, Figure 1B and S2), suggesting a required determinants of cooperative acetylation were 
contained within the Ada2/Ada3/Gcn5 subcomplex. 
 
To determine whether the bromodomain of Gcn5 has a role in cooperative acetylation, we 
mutated tyrosine 413 to alanine. Previous studies by Zhou and coworkers have shown that in the 
human PCAF bromodomain, which has 95% sequence identity to the Gcn5 bromodomain, the 
analogous mutation completely abrogates acetyl-lysine binding, while maintaining the structure of the 
bromodomain (Dhalluin et al., 1999). Formation of the Ada2/Ada3/Gcn5 subcomplex was unaffected 
by introduction of this point mutation (Figure 1A). Formation of the Ada2/Ada3/Gcn5 subcomplex 
was unaffected by introduction of this point mutation (Figure 1A). However, cooperativity of 
nucleosome acetylation was effectively eliminated (cooperativity constant of 0.91 ± 0.15) (Figures 1B 
and S1). 
 
To confirm that this loss in cooperativity was not somehow specific to the Ada2/Ada3/Gcn5 
subcomplex, the same Gcn5-Y413A point mutation was introduced into the yeast genome. TAP-tag 
(tandem affinity purification tag) based purification of the endogenous SAGA complex containing the 
Gcn5-Y413A point mutation generated an enzyme complex with a composition identical to the 
TAP-tagged wild-type SAGA complex (Figure 1C), suggesting that, similar to the subcomplex, this 
point mutation was not deleterious to formation of the SAGA complex. Also similar to the 
subcomplex results, cooperative nucleosome acetylation was disrupted, going from a wild-type 
cooperativity constant of 1.97 ± 0.15 to 1.01 ± 0.22 for SAGA containing the point mutant. Thus, 
these results suggest that the acetyl-lysine binding activity of the Gcn5 bromodomain is required for 
cooperative acetylation of nucleosomes. 
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The role of the Gcn5 bromodomain in acetylation of H3 K9/K14/K18/K23 pre-acetylated 
nucleosomes 
The SAGA complex can bind nucleosomes acetylated on histone H3 in a manner dependent 
on the bromodomain of Gcn5 (Hassan et al., 2002). Because nucleosomes contain two copies of each 
of the histone proteins (Luger et al., 1997), we hypothesized that the bromodomain of Gcn5 would 
bind acetyl-lysines on one H3 tail and facilitate acetylation of the other H3 tail (Figure 1A). To test 
this idea, we needed a nucleosome preacetylated on a single H3 tail. For this nucleosome it was 
necessary that the single preacetylated tail be fully acetylated on all target sites of SAGA acetylation: 
K9, K14, K18, and K23 (Figure 2B, Tetra-Ac H3). Otherwise, it would be difficult to distinguish 
whether new acetylation occurred on sites within or outside a partially preacetylated H3 tail. To 
determine the effect of the preacetylation, an appropriate control nucleosome lacking preacetylation 
was also necessary. To be directly comparable, we sought a nucleosome in which a single H3 was 
neither acetylated, nor capable of being acetylated (Figure 2B, Tetra-Ala H3).  
 
As performed previously, the appropriate homogeneously acetylated and non-acetylatable 
H3 histones were generated by native chemical ligation, incorporated in single copy into 
mononucleosomes, and subjected to initial velocity kinetic analysis with wild-type SAGA complex 
(Li and Shogren-Knaak, 2008). From these experiments, it is clear that the half saturation 
concentration of acetylation for the nucleosomes pre-acetylated on a single H3 tail is significantly 
lower than that for the control nucleosome (Figure 3A), suggesting preacetylation of the H3 tail 
increases SAGA binding affinity over unacetylated nucleosomes by over 3-fold. However, this 
observed difference could instead be due to a decrease in binding affinity for the control substrate 
(alanines at H3 K9, K14, K18, and K23) relative to the unacetylated lysine residues. 
 
To clarify whether the observed difference in half-saturation concentration values reflected 
an increase in overall affinity for acetylated lysine residues, or a decrease for alanine-substituted H3 
histones, as well as to identify the enzymatic source of the half-saturation concentration difference, 
initial velocity kinetic analysis was performed on the Tetra-Ac H3/Wt H3 and Tetra-Ala H3/Wt H3 
nucleosome substrates using the SAGA complex containing the Gcn5 bromodomain Y413A point 
mutation (Figure 3B). With this mutated enzyme, the acetylation half saturation concentrations for 
either the preacetylated or non-preacetylated substrate were nearly identical, indicating the 
bromodomain of Gcn5 is necessary to differentiate the substrates. Moreover, the acetylation half 
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saturation concentrations for both the preacetylated and non-acetylated substrates were nearly 3-fold 
higher than that for the wild-type enzyme with preacetylated nucleosomes, showing that the 
interaction of the Gcn5 bromodomain with the acetylated lysine tail significantly augments overall 
SAGA binding to the substrate. 
 
While these experiments reveal that bromodomain-dependent binding of an acetylated H3 
tail facilitates further nucleosome acetylation, they do not indicate the target of the additional 
acetylation. Because binding of the acetylated H3 tail might change the overall orientation of the 
SAGA complex, we sought to determine whether pre-acetylation of one of the H3 tails would change 
which histone was subsequently acetylated. To discern this, individual histones from a wild-type 
SAGA kinetic assay were resolved by gel electrophoresis, followed by fluorography to ascertain 
which histones showed incorporation of the radioactive acetyl group (Figure 3C). For acetylation of 
both the Tetra-Ac H3/Wt H3 and Tetra-Ala H3/Wt H3 nucleosome, the only apparent site of 
enzymatic acetylation was the H3 histone. Thus, while the Gcn5 bromodomain appears to promote 
binding and acetylation of nucleosomes already acetylated on a single H3 tail, this additional 
acetylation is still targeted to the H3 histone. 
 
The role of the Gcn5 bromodomain in acetylation of H4 K16 pre-acetylated nucleosomes 
The SAGA complex can bind nucleosomes acetylated on histone H4 in a manner dependent 
on the bromodomain of Gcn5 (Owen et al., 2000). Like acetylated histone H3, we hypothesized that 
bromodomaindependent binding of the SAGA complex to H4 acetylated nucleosomes would change 
subsequent nucleosome acetylation and sought to test this hypothesis in a similar fashion. 
Construction of a nucleosome preacetylated on histone H4 differed in several ways from the 
nucleosome pre-acetylated on histone H3. Because the SAGA complex is not known to acetylate H4 
histones, we believed it would not be necessary to limit H4 pre-acetylation to a single histone tail, nor 
would we have to preacetylate all potential H4 tail lysine sites. Because the only currently known 
structure of the yeast Gcn5 bromodomain bound to an acetylated peptide is to an H4 histone peptide 
acetylated on lysine 16 (Owen et al., 2000), and because this mark is found on 80% of all yeast 
histones, especially in euchromatin (Kimura et al., 2002; Smith et al., 2003; Suka et al., 2002), this 
site of acetylation was chosen for further investigation. 
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H4 histone homogeneously acetylated at lysine 16, (Figure 2B), was generated by native 
chemical ligation. Initial velocity analysis of SAGA-mediated acetylation of nucleosomal arrays 
either containing unacetylated or H4 K16 acetylated histones revealed that overall pre-acetylation 
reduced the acetylation half-saturation substrate concentration 1.7-fold and increased the apparent 
turnover rate constant by 1.86-fold (Figure 4A). These results suggests that the presence of H4 K16 
acetylation augments nucleosome acetylation, but do not indicate how, since H4 K16 acetylation 
could either facilitate Gcn5 bromodomain binding (Owen et al., 2000) or disrupt higher-order 
chromatin structure (Shogren-Knaak et al., 2006a).  
 
Additional kinetic experiments indicated that differences in acetylation rates between H4 
K16 preacetylated and nonacetylated substrates were almost entirely lost with mutation of the Gcn5 
bromodomain (Figure 4B). This loss not only indicates that the augmented acetylation kinetics of H4 
K16 acetylated substrates requires the Gcn5 bromodomain, but also suggests that chromatin 
condensation differences are not responsible, since the presences of H4 K16 acetylation itself is not 
sufficient to augment the rate of nucleosome acetylation (Figure 4B). 
 
To further support the idea that changes in chromatin condensation are not responsible for 
differences in the acetylation kinetics, experiments were performed with mononucleosomes, which 
cannot undergo chromatin condensation. In these experiments, the H4 K16 acetylated 
mononucleosomes show a bromodomain dependent increase in the nucleosome acetylation (Figure 
S2). Because this result corresponds well with the comparable experiments with nucleosomal arrays, 
they suggest that H4K16Ac mediated disruption of chromatin condensation is not necessary to 
achieve enhancement of nucleosome acetylation. 
 
Because the histone H4 tails protrude from the nucleosome in a different orientation than the 
H3 tails (Figure 2A), we wondered whether H4 tail binding by the Gcn5 bromodomain would alter 
the location of subsequent acetylation. Fluorographic analysis of the products of enzymatic 
acetylation revealed that histone H3 was the predominant site of SAGA-mediated acetylation, 
regardless of whether histone H4 was acetylated on lysine 16 or not (Figure 4C). 
 
Because multiple sites of acetylation are known to occur within the H3 histone tail (Grant et 
al., 1999), we also determined whether the pattern of acetylation within the H3 histone tail was 
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altered by H4 K16 acetylation. Microsequencing analysis of the products of enzymatic acetylation 
showed that no absolute change in the order of acetylation site utilization resulted from the presence 
of H4 K16 acetylation, i.e. H3 K14 was still the primary site of acetylation followed by K9, K18, and 
K23 (Figure 4D). 
 
Discussion 
Our results show that in the SAGA complex the bromodomain of Gcn5 promotes the 
establishment of nucleosomal acetylation in multiple, distinct ways. For nucleosomes that begin 
unacetylated, the bromodomain plays a necessary role in facilitating cooperative nucleosome 
acetylation, although other domains within Ada2, Ada3, or Gcn5 might also be required. Our 
previous studies suggest that this cooperativity allows the SAGA complex to bind multiple, 
non-contiguous nucleosomes (Li and Shogren-Knaak, 2008). In such a model, the bromodomain 
might help to bridge these nucleosomes, potentially through acetylated histone tail interactions. 
 
While the Gcn5 bromodomain is necessary for enzyme cooperativity, it may not be 
sufficient. Other domains within the Ada2/Ada3/Gcn5subcomplex could also be required. Further, the 
cooperativity of the Ada2/Ada3/Gcn5 subcomplex is slightly less than that of the full SAGA complex 
(Table 1). This suggests that SAGA subunits outside of the core subcomplex may play a role in 
promoting enzyme cooperativity. 
 
For nucleosomes that are already acetylated in either the H3 or H4 histone tail, the 
bromodomain promotes acetylation of additional H3 tails. Specifically, for nucleosomes already fully 
acetylated on one of the two nucleosomal H3 tails, the Gcn5 bromodomain significantly reduces the 
half saturation concentration of acetylation. Because this additional acetylation only occurs on the H3 
tail and is noncooperative (Table 1), it is likely that the SAGA complex is acting within the same 
nucleosomes. Thus, the bromodomain may help to ensure that acetylation of one H3 tail results in 
acetylation of the other H3 tail in a nucleosome. This cross-tail templating mechanism might be 
useful not only for establishing nucleosomes that are acetylated on both H3 tails, but may also 
promote the maintenance of nucleosomal H3 tail acetylation in the face of various pathways that 
result in loss of acetylation on H3 tails. 
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 For nucleosomes already acetylated on lysine 16 of the H4 tails, overall substrate binding 
and turnover are elevated, while utilization of acetylation sites that are more amino-terminal 
potentially becomes more favored. While these effects are relatively modest, it is likely that our 
experiments under-represent their magnitude. This is because acetylation of the H3 tails without H4 
K16Ac binding is likely to occur simultaneously, making our observations an average of both H4 
K16Ac dependent and independent pathways. Similarly, these competing pathways might mask 
changes in lysine site utilization. While the overall pattern of H3 lysine acetylation is similar for 
nucleosomes preacetylated and nonacetylated on H4K16, subtle changes in acetylation intensity 
suggest that H4K16 acetylation might bias acetylation toward lysines residues that are more 
amino-terminal (Figure S3). 
 
Mechanistically, the changes in half-saturation concentration and acetylation site utilization 
may be due to the Gcn5 bromodomain binding of the H4 K16 acetyl-lysine positioning the Gcn5 in an 
orientation still capable of mediating H3 acetylation, but favoring interactions with more 
amino-terminal residues. The increase in product turnover could potentially be due either to 
stimulation of the chemical step or product release. Again, changes in the orientation of the SAGA 
complex could potentially facilitate either of these possibilities. 
 
While the interaction between the Gcn5 bromodomain and histone acetylation acts to 
promote nucleosome acetylation, it does not appear to decrease the rate of product release. A property 
of the experimentally measured turnover parameter, kcat, is that it can not be faster than any 
first-order rate constant on the forward reaction pathway. Thus, if the slowest mechanistic step in the 
forward reaction involves the dissociation of bromodomain-acetyl-lysine interaction, then the 
turnover number would be reduced when both a functional bromodomain and acetylation are present. 
In experiments where the only difference is either the presence of histone tail acetylation or a 
functional bromodomain, no significant reduction in the turnover number is observed (Table 1). This 
suggest that the rate limiting forward step must be something else, such as the chemical step or a 
product release step independent from the dissociation of the bromodomain. 
 
Because the Gcn5 bromodomain modulates the acetyltransferase activity of SAGA in 
multiple ways, the combination of these functions in vivo is likely to be complicated. Still, because 
each of these pathways increases the rate of H3 histone acetylation in vitro, it is predicted that loss of 
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cellular Gcn5 bromodomain function would ultimately lead to a decrease in the efficiency of H3 
histone acetylation in vivo. To date, relatively few experiments have shown a correlation between 
Gcn5 bromodomain activity and H3 acetylation. This may be due, in part, to the fact that the 
bromodomain only modulates the inherent enzymatic activity of Gcn5, and may only ultimately 
dictate the rate, but not the extent, of histone acetylation. In such a case, careful timedependent 
monitoring of H3 acetylation might be necessary. Furthermore, because the SAGA complex is 
predominantly involved in expression of genes that are induced under stress conditions (Huisinga and 
Pugh, 2004), and because Gcn5 bromodomain function might not be utilized for all of them, effects 
on histone acetylation may only be readily discerned on particular nucleosomes of specific promoters 
under appropriate induction conditions. Indeed, one such example of the effect of the Gcn5 
bromodomain on histone acetylation comes from detailed analysis of the progress of histone 
acetylation following SUC2 gene activation (Boukaba et al., 2004). In this study, the deletion of the 
Gcn5 bromodomain resulted in the reduction of H3 acetylation for several nucleosomes in the SUC2 
promoter, with one nucleosome exhibiting a 2-fold reduction in H3 acetylation. 
 
Such an effect on H3 acetylation, in combination with the general ability of the Gcn5 
bromodomain to promote retention of SAGA on acetylated nucleosomes (Hassan et al., 2002), may 
explain most of the known phenotypes that result from loss of the Gcn5 bromodomain (Barbaric et 
al., 2003; Hassan et al., 2002). Further studies that employ assays that are sensitive to changes in the 
rate of transcriptional induction, as well as subtle changes in the level of expression, are likely to 
uncover new genes that exploit the acetylation promoting activity of the Gcn5 bromodomain. 
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Figure Legends 
Figure 1. Cooperative nucleosome acetylation by the SAGA complex requires the Gcn5 
bromodomain. A. Characterization of recombinantly expressed yeast Ada2/Ada3/Gcn5 subcomplex 
containing either wild-type Gcn5 or Gcn5 with a point mutation in the bromodomain (Gcn5-Y413A). 
The purified complexes were analyzed by 15% SDS/PAGE and stained with Coomassie Blue. B. 
Initial velocity of nucleosomal array acetylation per enzyme as a function of nucleosome 
concentration for Ada2/Ada3/Gcn5 (solid circles) and Ada2/Ada3/Gcn5-Y413A subcomplex (open 
circles). At least three independent experiments were performed at each nucleosome array 
concentration. The average initial velocity data were fit to a cooperativity saturation model to give a 
cooperativity constant of 1.63 ± 0.17 for wild-type Ada2/Ada3/Gcn5 subcomplex (solid line) and 
0.91 ± 0.15 for Ada2/Ada3/Gcn5-Y413A complex (dashed line). C. Characterization of TAP-purified 
SAGA complex containing either wild-type Gcn5 or Gcn5-Y413A. Subunits were resolved on a 
gradient gel and visualized by silver staining. Known protein components were labeled according to 
Winston and coworkers (Wu et al., 2004). D. Initial velocity of nucleosomal array acetylation per 
enzyme as a function of nucleosome concentration for wild-type SAGA (solid circles) and SAGA 
Gcn5-Y413A (open circles). Fitting of the data gives a cooperativity constant of 1.97 ± 0.15 
(Wild-type SAGA, solid line) and 1.01 ± 0.22 (SAGA Gcn5-Y413A, dashed line). Wild-type data 
adapted from Li et. al. (Li and Shogren-Knaak, 2008) 
 
Figure 2. Potential nucleosome sites recognized by the Gcn5 bromodomain. A. Relative orientation 
of the H3 and H4 histone tails and potential histone acetylation sites based on mononucleosome 
structure 1KX5 (Davey et al., 2002). Mononucleosome DNA is depicted in white. H3 and H3’ 
histones are shown in blue and H4 and H4’ histones in green. The histones H2A and H2B are omitted 
for clarity. In the top image the mononucleosome is oriented to emphasize the positions of the two H3 
tails. The four potential acetylation sites lysine 8 (red), lysine 14 (Keogh et al.), lysine 18 (yellow) 
and lysine 23 (Whitehouse et al.) are labeled as colored balls. In the bottom image the 
mononucleosome is oriented to emphasize the relative positions of H3 tails and H4 tails. The lysine 
16 residues on both H4 tails are labeled as yellow squares. B. Amino acid sequences of the histones 
used in this study. Deviations from unmodified, wild-type sequences are shown in red. Lysine 
residues that are acetylated on their side chain amine are denoted as “X.” 
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Figure 3. When one of the two H3 tails in a nucleosome is acetylated, the Gcn5 bromodomain 
promotes acetylation of the other H3 tail. A. Comparison of wild-type SAGA HAT activity on 
mononucleosomes containing Tetra-Ac H3/Wt H3 (solid circles) or Tetra-Ala H3/Wt H3 (open 
circles) octamers. Fitting of the data gives a half saturation concentration of 11.5 ± 2.4 nM (Tetra-Ac 
H3/Wt H3 nucleosomes, solid line) and 38.9 ± 6.9 nM (Tetra-Ala H3/Wt H3 nucleosomes, dashed 
line). Data adapted from Li et. al. (Li and Shogren-Knaak, 2008) B. Comparison of HAT activity of 
SAGA Gcn5-Y413A complex on mononucleosomes containing Tetra-Ac H3/Wt H3 (open circles) 
and Tetra-Ala H3/Wt H3 (solid circles) octamers. Two independent experiments were performed at 
each nucleosome concentration. The half-saturation concentrations obtained fitting the data are 30.6 
nM (Tetra-Ac H3/Wt H3 nucleosomes, dashed line) and 32.8 nM (Tetra-Ala H3/Wt H3 nucleosomes, 
solid line). C. Fluorogram showing the histone specificity of SAGA acetylation on mononucleosomes 
that are either preacetylated or unacetylated on one H3 histone tail (lanes 2 and 1, respectively). The 
Coomassie Blue-stained gel (upper panel) and corresponding fluorogram (lower panel) are shown. 
 
Figure 4. H4K16 acetylation promotes H3 tail acetylation turnover in a bromodomain-dependent 
manner. A. Comparison of HAT activity of wild-type SAGA complex on nucleosome arrays 
containing H4K16 acetylation (solid circles) and wild-type nucleosome arrays (open circles). From 
the fitting of the data, for H4K16 acetylated nucleosomal arrays (solid line) the half-saturation 
concentration is 19.7 ± 1.7 nM, and the kcat, app is 2.64 ± 0.24 min-1. For the arrays that were not 
preacetylated (dashed lines), the half saturation concentration is 33.6 ± 5.0 nM with a kcat, app of 
1.42 ± 0.15 min-1. B. Comparison of HAT activity of SAGA Gcn5-Y413A complex on nucleosome 
arrays containing H4K16 acetylation (solid circles) and wild-type nucleosome arrays (open circles). 
Two independent experiments were performed for H4K16 acetylated nucleosomes at each 
nucleosome concentration. Fitting of the data give a half-saturation concentration and kcat, app of 
98.1 nM and 1.50 min-1 for the H4K16 acetylated nucleosome arrays (solid line) and 104.7 ± 29.7 nM 
and 1.46 ± 0.15 min-1 for the wild-type nucleosome arrays (dashed line). C. Comparison of the 
histone specificity of the SAGA complex for wild-type (lane 2) and H4K16 acetylated (lane 4) 
nucleosome arrays. Histones are resolved by SDS/PAGE. Staining with Coomassie Blue is shown in 
the upper panel, with the corresponding fluorogram shown in the lower panel. D. Comparison of the 
sites of SAGA-mediated acetylation for nucleosomal arrays that are not preacetylated (white column) 
and for nucleosome arrays that are preacetylated at H4K16 (black column). The amount of 3H-acetyl 
incorporation at a given position of the H3 tail was determined by microsequencing. To more clearly 
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compare the relative site selectivity between nucleosome substrates, the data for the H4K16 
pre-acetylated substrate has been normalized so that its total H3 histone acetylation is equivalent to 
the total H3 acetylation for substrate that was not preacetylated. E. Ratio of acetylation for H4K16 
pre-acetylated nucleosomal arrays to non-preacetylated nucleosome arrays for the four major H3 
acetylation sites, K8, K14, K18, and K23. Ratios were calculated with the data from D.  
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Table  
Table 1. Summary of kinetic constants determined in this study.  
Octamer DNA Enzyme [Half-Saturation] 
(nM) 
kcat,app 
(min-1) 
Cooperativity 
Coefficient 
 
Wild-type* 
 
208-12 
Arrays 
 
SAGA Wt Gcn5 
 
33.6 ± 5.0 
 
1.42 ± 0.15 
 
1.97 ± 0.15 
H4K16Ac 208-12 
Arrays 
SAGA Wt Gcn5 19.7 ± 1.7 2.64 ± 0.29 1.31 ± 0.09 
      
Wild-type 208-12 
Arrays 
SAGA 
Gcn5-Y413A 
104.7 ± 29.7 1.46 ± 0.15 1.01 ± 0.22 
H4K16Ac 208-12 
Arrays 
SAGA 
Gcn5-Y413A 
98.1 (80.3, 
115.9) 
1.50 (1.39, 
1.61) 
1.14 (1.13, 
1.14) 
      
Wild-type 208-12 
Arrays 
Ada2/Ada3/Wt 
Gcn5 
74.0 ± 14.1 1.00 ± 0.07 1.63 ± 0.17 
Wild-type 208-12 
Arrays 
Ada2/Ada3/Gc
n5-Y413A 
201.1 ± 17.4 1.00 ± 0.06 0.91 ± 0.15 
      
Tetra-Ala 
H3/Wt H3* 
196-1 Monos SAGA Wt Gcn5 38.9 ± 6.9 1.07 ± 0.07 0.95 ± 0.03 
Tetra-Ac 
H3/Wt H3* 
196-1 Monos SAGA Wt Gcn5 11.5 ± 2.4 1.12 ± 0.08 0.99 ± 0.10 
      
Tetra-Ala 
H3/Wt H3 
196-1 Monos SAGA 
Gcn5-Y413A 
32.8 (32.6, 
32.9) 
0.96 (0.94, 
0.97) 
0.91 (0.84, 
0.98) 
Tetra-Ac 
H3/Wt H3 
196-1 Monos SAGA 
Gcn5-Y413A 
30.6 (26.4, 
34.7) 
0.94 (0.89, 
0.98) 
0.96 (0.89, 
1.02) 
 
Kinetic constants are the average of three independent trials, except for some of the experiments with SAGA 
Gcn5-Y413A, which were the average of two trials. For experiments with two trials the results of each trial is reported in 
parentheses instead of reporting a standard deviation. Half-saturation concentration was calculated from K1/n. The 
apparent turn-over rate constant, kcat, app, was determined from Vmax/[E]0. Data marked with an asterisk is from previously 
published work (Li and Shogren-Knaak, 2008).  
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Supplementary Information 
Supplementary Figures Legends 
Figure. S1. Cooperative nucleosome acetylation by the Ada2/Ada3/Gcn5 subcomplex requires the 
Gcn5 bromodomain. Initial velocity of nucleosomal array acetylation per enzyme as a function 
ofnucleosome concentration for Ada2/Ada3/Gcn5 (solid circles) and Ada2/Ada3/Gcn5-Y413A 
subcomplex (open circles). The data shown is the same as that shown in Figure 1B, but includes 
nucleosome concentrations greater than 400 nM nucleosome. 
 
Figure S2. H4K16 acetylation promotes mononucleosome acetylation in a bromodomain-dependent 
manner. Comparison of the initial velocity of mononucleosome acetylation per enzyme activity for 
wild-type (left) and Gcn5-Y413A (right) SAGA complex on 300 nM mononucleosomes containing 
either H4K16 acetylated octamer (white bars) or wild-type octamer (dark bars). 
 
Figure S3. Ratio of acetylation for H4K16 pre-acetylated nucleosomal arrays to non-preacetylated 
nucleosome arrays for the four major H3 acetylation sites, K9, K14, K18, and K23. Ratios were 
calculated with the data from Figure 1D. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
82 
 
Supplemental Figures 
 
Figure S1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2 
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Figure S3 
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Abstract 
The SAGA family of coactivators facilitates transcription of inducible genes in part through 
the acetylation of chromatin. However, how this acetylation activity is controlled is not well 
understood at a mechanistic level. Here we show that in Saccharomyces cerevisiae the SAGA 
complex regulates its own activity by undergoing multimerization. This multimerization is triggered 
by SAGA autoacetylation at two sites on its Ada3 subunit, allowing recognition of this acetylation by 
the bromodomain of the Gcn5 SAGA subunit. Once multimerized, SAGA is capable of cooperatively 
acetylating chromatin, and an inability to autoacetylate Ada3 leads to transcriptional and phenotypic 
defects in a wide range of stress-activated genes. Altogether, these results indicate a new function for 
protein acetylation, show that acetyltransferase complexes can function as multimers, and expand our 
understanding of how inducible gene transcription is regulated.  
 
Note: The strain Ada3-K8R K14R (as indicated by asterisk in figures) used in this thesis work was 
found to be Ada3-K8R K18R by DNA sequencing after one-year use, probably due to propagation 
from parental plates. However, we used newly obtained Ada3-K8R K14R strain to repeat some of the 
in vivo experiments and got similar results.   
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Introduction 
The SAGA family of transcriptional coactivators is a group of large (~1.8 MDa), 
multisubunit (often 20 or more subunits) complexes that are highly conserved throughout eukaryotic 
organisms (Baker and Grant, 2007). In the budding yeast Saccharomyces cerevisiae, the SAGA 
complex is involved in facilitating the transcription of the majority of inducible genes (Huisinga and 
Pugh, 2004). In mammals, the coactivator activity of these complexes is essential for viable 
mammalian development (Xu et al., 2000a; Yamauchi et al., 2000), and misregulation of this activity 
is associated with a progression of a number of disease states, including the development of the 
congenital neurodegenerative disease spinocerebellar ataxia type 7 (McMahon et al., 2005; Palhan et 
al., 2005), transactivation of integrated HIV provirus (Kiernan et al., 1999), and oncogenic gene 
expression (Liu et al., 2003; McMahon et al., 2000). 
 
 One of the major activities of these complexes is to act as a histone acetyltransferase, and 
this activity is best understood for the SAGA complex in budding yeast. In yeast, SAGA-mediated 
histone acetylation occurs in nucleosomes located both at gene promoters and within the open reading 
frame of transcribed genes (Govind et al., 2007). Within nucleosomes, the H3 histone is the major 
histone target of the SAGA complex (Grant et al., 1997), where lysine 14 in the N-terminal histone 
tail is the most highly acetylated site, with acetylation also present on lysines 9, 18, 23, and 36 (Grant 
et al., 1999; Morris et al., 2007).  
 
The direct transfer of an acetyl group from acetyl CoA to the histone is mediated by the 
Gcn5 subunit of SAGA (Brownell et al., 1996; Tanner et al., 2000). However, its activity toward 
nucleosomal substrates is modulated several ways. SAGA subunits can both facilitate and inhibit its 
activity. Full in vitro activity and specificity of the SAGA complex requires the presence of the Ada2 
and Ada3 subunits (Balasubramanian et al., 2002). Conversely, loss of SAGA subunits, such as the 
Spt8 subunit, can activate its activity (Belotserkovskaya et al., 2000a; Helmlinger et al., 2008). The 
interaction of SAGA with other proteins also modulates nucleosome acetylation. Direct interaction of 
SAGA with transcriptional activators targets and retains SAGA activity at specific genes (Bhaumik 
and Green, 2001; Bhaumik et al., 2004; Ikeda et al., 1999; Utley et al., 1998). Additionally, 
interactions of SAGA with histone modifications can potentially promote SAGA localization 
(Cheung et al., 2000; Hassan et al., 2002; Li and Shogren-Knaak, 2009; Lo et al., 2000; Pray-Grant et 
al., 2005). For example, the Gcn5 subunit can bind acetylated lysines in histone tails via its 
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bromodomain (Dhalluin et al., 1999; Owen et al., 2000), enhancing the retention of SAGA on 
nucleosomal substrates (Hassan et al., 2002), as well as reducing the Km of acetylation (Li and 
Shogren-Knaak, 2009). 
 
Recently we discovered that the interaction of SAGA with unmodified nucleosomes itself 
can stimulate SAGA activity. The initial rate of nucleosome acetylation with respect to nucleosome 
concentration is highly cooperative, suggesting that binding of one nucleosome facilitates the binding 
of a second nucleosome (Li and Shogren-Knaak, 2008). Interestingly, this cooperativity requires the 
presence of a functional bromodomain in the Gcn5 subunit (Li and Shogren-Knaak, 2009). However, 
how bromodomain function is linked to cooperative nucleosome behavior was unclear. Based on the 
published data on Gcn5 bromodomain function, a plausible model for enzymatic cooperativity might 
be that bromodomain-mediated binding of SAGA to H3 histones that are acetylated during the course 
of the assay could facilitate enhanced binding to additional nucleosomes. However, nucleosomes 
containing preexisting acetylation show only a modest, bromodomain-dependent, enhancement of 
apparent SAGA affinity (Li and Shogren-Knaak, 2009), and such acetylated nucleosomes are 
generated from unacetylated nucleosomes at low concentrations in the course of our initial rate 
kinetic experiments (Li and Shogren-Knaak, 2008). These results suggest that the Gcn5 bromodomain 
might play an alternative role in cooperative nucleosome acetylation, such as recognition of 
non-histone acetylation on the SAGA complex itself. Here we investigate the self-acetylation of the 
SAGA complex and to what extent such acetylation affects SAGA function. 
 
Materials and Methods 
Yeast Strains, Media and Growth Analysis 
S. cerevisiae strains used in this study are listed in Table S1. Detailed procedures for strain 
construction and manipulations are listed in the Supplemental Experimental Procedures.  
Protein Expression and Purification 
Recombinant Ada2/Gcn5/Ada3 subcomplexes were overexpressed and purified from E. coli as 
described previously (Balasubramanian et al., 2002). SAGA complexes were tandem affinity purified 
from S. cerevisiae as described (Wu et al., 2004). Details of mutagenesis, protein expression and 
purification are listed in the Supplemental Experimental Procedures. 
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Ada2/Gcn5/Ada3 Self-Acetylation Assay 
Ada2/Gcn5/Ada3 self-acetylation was assessed by a filter binding assay similar to the histone 
acetylation assays. Details are described in the Supplemental Experimental Procedures.  
 
Western Blotting 
For Western blotting, protein samples were electrophoresed on an SDS-polyacrylamide gel (15% for 
Ada2/Gcn5/Ada3 subcomplex and 10% for SAGA complex), transferred to a nitrocellulose 
membrane and processed for immunoblotting with the following antibodies. Antibody details are 
found in Supplemental Experimental Procedures. 
  
Fluorescence Anisotropy 
Fluorescence anisotropy was performed as described previously (Zeng et al., 2008). 100 nM 
fluorescein-labeled Ada3 dual acetylated peptide (PRHGRRGKacLPKGEKacLPKKEGG) was 
incubated with 0-600 µM Gcn5 in binding buffer (100 mM NaH2PO4, pH 6.5, 0.5 mM EDTA, 5 mM 
DTT). Fluorescence anisotropy was measured after incubation at room temperature for 30 min. 
Equlibrium dissociation constant was determined by fitting data into the following equation: 
A= Af + (Ab – Af) (Kd)/(Kd + [PepAda3]) 
Here, Af and Ab are the anisotropies for free and bound Ada3 peptide; Kd is the equilibrium 
dissociation constant; [PepAda3] is the concentration of Ada3 peptide. 
 
Immunoprecipitation 
For SAGA immunoprecipitation, SAGA was partially purified from whole cell extracts with 
calmodulin-sepharose beads and then subjected to Western blot analysis. For myc-Spt7-containing 
SAGA immunoprecipitation, pre-cleared whole cell lysate containing SAGA was incubated with 
anti-myc antibody followed by immunoprecipitated with protein A/G-agarose beads. For in vitro 
coimmunoprecipitation, the beads were acetylated or mock acetylated with TAP-Spt7- SAGA. 
Proteins on the beads were then subjected to Western blot analysis.  
 
Analytical Gel-filtration Analysis 
Analytical gel-filtration of Ada2/Gcn5/Ada3 subcomplexes were performed on a Superdex 200 
10/300 GL column. Details are described in the Supplemental Experimental Procedures. 
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Sedimentation Equilibrium Analysis  
The mass of the acetylated and non-acetylated Ada2/Gcn5/Ada3 subcomplex was determined using a 
Beckman XLA analytical ultracentrifuge. Details of sample preparation and analysis are described in 
the Supplemental Experimental Procedures.  
 
Histone, Octamer and Nucleosome Preparation  
Recombinant Xenopus laevis histones, symmetric and asymmetric histone octamers, and nucleosome 
arrays were prepared according to standard protocols (Carruthers et al., 1999; Li and Shogren-Knaak, 
2008; Luger et al., 1999).  
 
Histone Acetyltransferase Kinetic Assay 
Histone acetyltransferase kinetic assays were performed as previously described (Li and 
Shogren-Knaak., 2009). Parameters describing initial rates as a function of substrate concentration 
were obtained by fitting the data with the cooperative saturation kinetics model: 
 V = Vmax * [S]n /(K + [S]n)                               (1)  
 
Acid Phosphatase Assay 
Yeast cells were grown in high phosphate containing media (SC + Pi) at 30 °C overnight. For PHO5 
induction, cells were transferred to phosphate free medium (SC - Pi). Acid phosphatase assays were 
performed as described previously (Barbaric et al., 2003).  
 
Quantitative Reverse-Transcription PCR (qRT-PCR) 
qRT-PCR was performed as described previously (Wongwisansri and Laybourn, 2005). Quantities of 
SUC2 and PHO5 transcripts were normalized against the amount of ACT1 transcript. Detailed 
information about primers sequences and PCR programs are listed in Supplemental Experimental 
Procedures.  
 
Microarray Analysis 
Labeled double-stranded cDNA was prepared from WT and Ada3-K8R K14R strains according to 
standard protocols. Hybridization to a 12-plex gene expression platform designed for S. cerevisiae, 
array washes and scans, and data analysis were performed according to the manufacturer’s protocol 
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(Roche NimbleGen). Details of sample preparation and analysis is described in the Supplemental 
Experimental Procedures. 
 
Results 
SAGA acetylates Ada3 at lysine 8 and 14 in vitro 
To determine whether acetylation of SAGA itself could be responsible for the cooperative 
acetylation of nucleosomes, we first investigated the self-acetylation of the simpler Ada2/Gcn5/Ada3 
subcomplex. These three subunits form the catalytic core of the histone acetylation activity of SAGA 
(Balasubramanian et al., 2002), and our previous studies had shown that the trimeric complex 
composed of these subunits also exhibited cooperative nucleosome acetylation (Li and 
Shogren-Knaak, 2009). Thus, if self-acetylation of SAGA is necessary for cooperative nucleosome 
acetylation, that acetylation should occur on at least one of these three subunits. The purified 
recombinant Ada2/Gcn5/Ada3 subcomplex was incubated with radiolabeled acetyl-CoA and the 
extent of subunit(s) acetylation was determined by fluorography. A significant signal was observed at 
the position corresponding to Ada3 subunit (Figure S1), indicating that Ada3 can be acetylated. To 
see if this subunit also became acetylated in the full SAGA complex, purified TAP-tagged SAGA was 
incubated with acetyl-CoA and the acetylated subunits were identified by probing them with an 
anti-acetyl-lysine antibody. Similar to the subcomplex, Ada3 in the SAGA complex exhibited 
acetylation (Figure 1A, lane 4). Further, this Ada3 acetylation was not detected when either 
acetyl-CoA (Figure 1A, lanes 1 and 3) or Gcn5 (Figure 1A, lane 2) was absent, confirming that the 
Ada3 acetylation occurs due to the Gcn5-dependent acetyltransferase activity of the complex. 
 
     To identify the sites of acetylation in Ada3, we compared the sequences of Ada3 and 
histone H3. In the first co-crystal structure of an H3 histone peptide bound to the catalytic domain of 
a Gcn5 protein (Rojas et al., 1999), recognition of the peptide substrate involves contacts with two 
amino acid residues N-terminal to the major target of histone acetylation, H3 lysine 14 (Grant et al., 
1999), as well as the five residues C-terminal to this lysine (Figure 1B, top). For the Ada3 protein, 
two lysine residues in the N-terminal domain, lysine 8 and lysine 14, showed striking similarities in 
the composition of the flanking residues to those of H3 lysine 14 (Figure 1B, bottom), making them 
promising candidates for the sites of Ada3 acetlylation. To test this idea, a series of mutated 
Ada2/Gcn5/Ada3 complexes were made by changing lysine 8, lysine 14, or both lysines to arginine. 
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These mutations did not change the composition of the complex (Figure 1E), but did significantly 
reduce Ada3 acetylation (Ac-Ada3). Specifically, analysis of subcomplex acetylation levels using a 
filter-binding assay showed that mutations of either lysine 8 (Ada3-K8R) or lysine 14 (Ada3-K14R) 
reduced acetylation to 53% and 55% of wild-type (Figure 1D), while only background signal was 
observed when both lysine 8 and lysine 14 were mutated simultaneously (Ada3-K8R K14R). Western 
blot analysis of these reaction products, so as to probe Ada3 subunit acetylation in particular, showed 
similar trends (Figure 1E), further supporting lysine 8 and 14 as the major Ada3 acetylation target 
sites.  
 
Lysine 8 and 14 also proved necessary for Ada3 acetylation in the full SAGA complex. 
Ada3-K8R K14R was introduced into the yeast genome and the mutated SAGA complex was purified 
by TAP purification. The yield of this mutated complex was similar to that of the wild-type complex 
(data not shown). Additionally, its subunit composition was not disturbed (Figure S2A-C), suggesting 
that mutation of the Ada3 acetylation sites does not compromise the structural integrity of the whole 
complex. Purified SAGA Ada3-K8R K14R was incubated with acetyl-CoA and little to no Ada3 
acetylation was detected by Western blot analysis (Figure 1E, lanes 5-8), demonstrating that Ada3 
lysine 8 and lysine 14 can be acetylated by SAGA in vitro.  
 
SAGA acetylates Ada3 at lysine 8 and lysine 14 under inducing conditions 
In vivo, the Ada3 subunit of SAGA is not acetylated when cells are grown in rich YPD 
media, as Western blot analysis of SAGA immunoprecipitated from whole cell extracts showed little 
to no acetylation of this subunit (Figure 2A, lane 1). However, because SAGA coactivator activity is 
predominantly associated with transcription of stress induced genes, we hypothesized that Ada3 
acetylation might be stimulated under stress conditions. To test this idea, we examined the levels of 
acetylated Ada3 in medium using sucrose as the sole carbon source, as expression of genes for 
utilizing sucrose are known to be facilitated by SAGA (Boukaba et al., 2004; Carlson et al., 1981). 
Cells were grown in glucose (YPD) medium and then switched to medium containing 2% sucrose. 
Western blot analysis of immunoprecipitated SAGA detected acetylated Ada3 (Figure 2A, lanes 2-4). 
This induction of Ada3 acetylation was seen under another stress condition as well. When yeast cells 
are grown in the absence of a phosphate source, SAGA enhances the expression of genes in the 
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phosphate response (PHO) pathway (Barbaric et al., 2003). Under such phosphate starvation 
conditions, we observed that the acetylation of Ada3 increased (Figure 2C, lanes 3 and 4). 
 
Induction of Ada3 acetylation is dependent on the acetyltransferase activity of Gcn5, as a 
genetic deletion of this subunit resulted in no Ada3 acetylation under inducing conditions (Figure 2C, 
lanes 3 and 4; Figure 2D, lanes 3 and 4). Additionally, this acetylation does not occur when lysine 8 
and 14 are absent. Under sucrose growth or phosphate starvation conditions, no Ada3 acetylation was 
observed in the Ada3-K8R K14R mutant (Figure 2A, lanes 5 and 6; Figure 2B, lanes 1 and 2). This 
loss of Ada3 acetylation is not due to a decrease in cellular Ada3 amounts, as the global Ada3 protein 
level was not significantly changed by the K to R mutation (Figure S2D), supporting the idea that 
SAGA undergoes autoacetylation at K8 and K14 of Ada3 in response to stress conditions.  
 
Ada3 acetylation is required for multimerization of SAGA  
Co-complex structures of acetylated peptides bound to Gcn5-family bromodomains suggest 
that in addition to the acetylated lysine residue, binding specificity of the Gcn5 bromodomain comes 
from the amino acids i+2 and i+3 from the acetylated lysine (Zeng et al., 2008). Based on these 
criteria, both lysine 8 and 14 contain the consensus residues for bromodomain binding. In fact, these 
residues are strikingly similar to those following lysine 14 of histone H3 (Figure 1B). Specifically, all 
three sequences contain proline at the i+2 site, and all three sequences have a basic amino acid at the 
i+3 site (lysine for histone H3 K14, arginine for Ada3 K8 and K14). 
As Ada3 has the features of a Gcn5 bromodomain binding site, we sought to test if Ada3 
acetylation would promote interaction with the Gcn5 bromodomain. We determined the binding 
affinity of Gcn5 to fluorescein labeled Ada3 peptide acetylated at lysine 8 and 14. Fluorescence 
anisotropy analysis showed that Gcn5 binds acetylated Ada3 peptide with a dissociation constant of 
212.93 ± 6.68 µM (Figure 3A). Next, we explored whether this interaction could change the size of 
the SAGA complex, potentially through the associations of multiple SAGA complexes. In vitro 
acetylated and unacetylated Ada2/Gcn5/Wt Ada3 subcomplexes were analyzed on a gel filtration 
sizing column. This analysis indicated that the acetylated subcomplex was eluted earlier than the 
unacetylated subcomplex (Figure 3B, left panel), consistent with an acetylation-dependent increase in 
subcomplex size. SDS-polyacrylamide gel analysis of eluted fractions demonstrated that both peak 
fractions contain equal amounts and the same stoichiometery of three subunits, suggesting that this 
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shift was not due to a change in composition (Figure S3). Additionally, no shift was observed in 
subcomplexes containing Ada3-K8R K14R mutations (Figure 3B, right panel), suggesting that 
oligomerization of the Ada2/Gcn5/Wt Ada3 subcomplex requires Ada3 lysine 8 and lysine 14 
acetylation. As gel filtration separates particles based on hydrodynamic radius and not on mass, 
sedimentation equilibrium analytical ultracentrifugation was performed to determine whether this 
increase in size was due to an increase in molecular weight. Our experimental data were best fitted by 
a one component model with a molecular weight of 347 KDa (Figure 3C), which is 1.8-fold the 
experimental molecular weight (190 KDa) of unacetylated wild-type subcomplex determined by the 
same technique (data not shown). These results indicate that Ada2/Gcn5/Wt Ada3 subcomplex can 
form dimers after acetylation.  
 
     To verify self-association of SAGA, an in vitro coimmunoprecipitation was performed to 
see if acetylation promotes the coimmunoprecipitation of differentially tagged SAGA complexes. 
Purified myc-tagged Spt7-containing SAGA complex was immobilized on protein A/G-Sepharose 
beads and purified TAP-tagged Spt7-containing SAGA was then added in the presence or absence of 
acetyl-CoA. The beads were washed and the localization of these two SAGA complexes was assessed 
by Western blotting. Association of TAP-Spt7-containing SAGA to the bead increased when 
acetyl-CoA was added (Figure 3D, compare lane 5 and lane 3), confirming that SAGA undergoes 
self-association in an acetyl-CoA dependent manner. 
 
To extend this analysis in vivo, a similar coimmunoprecipitation was employed utilizing 
diploid cells containing two types of SAGA complexes differently tagged on the same subunit, Spt7. 
Pull-down assays were performed with whole cell extracts from haploid strains containing TAP-Spt7 
or myc-Spt7, and diploid strains (TAP-Spt7/myc-Spt7) containing both TAP-Spt7 and myc-Spt7. 
These strains were grown under stress or non-stress conditions as well as with or without acetylatable 
lysine residues in Ada3 (Figure 2). TAP-Spt7 containing SAGA complex was efficiently and 
specifically immunoprecipitated from the TAP-Spt7 haploid strain and TAP-Spt7/myc-Spt7 diploid 
strain but not from the myc-Spt7 haploid strain (Figure 4A, compare lane 2 and lanes 1, 3-6; Figure 
4B, compare lane 1 and lanes 2-5). Myc-Spt7-containing SAGA was pulled down from 
TAP-Spt7/myc-Spt7 diploid cells only when grown in medium free of phosphate or containing 2% 
sucrose (Figure 4A, lane 4; Figure 4B, lane 3). In contrast, under the same conditions, no 
myc-Spt7-containing SAGA complex was coimmunoprecipitated when Ada3 lysine 8 and lysine 14 
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in diploid cells were mutated to arginine (Figure 4A, lanes 5 and 6; Figure 4B, lanes 4 and 5). Taken 
together, these data support that SAGA multimerizes in a manner depending on Ada3 lysine 8 and 
lysine 14 acetylation.  
 
Ada3 acetylation is required for SAGA-mediated cooperative nucleosome acetylation 
    As Ada3 undergoes acetylation and this acetylation results in SAGA multimerization, we 
asked whether these features are required for cooperative nucleosome acetylation. To address this, 
initial velocity nucleosome acetylation assays were performed with complexes that cannot be 
acetylated on Ada3 (Ada3-K8R K14R).  With the Ada2/Gcn5/Ada3-K8R K14R subcomplex, initial 
velocities at various nucleosome concentrations were determined and initial velocities were fitted to 
the Hill equation (1), yielding a cooperativity constant of 1.03 ± 0.11 (Figure 5A). Similarly, for 
initial velocity kinetics experiments with SAGA complex, mutations of Ada3 (Ada3-K8R K14R) 
resulted in a loss of positive cooperativity (cooperativity constant of 0.47 ± 0.04) (Figure 5B).  
 
Although the results with the mutated Ada3 subunit in the Ada2/Gcn5/Ada3 and full SAGA 
complexes strongly suggest that Ada3 acetylation is required for cooperative nucleosome acetylation, 
it is possible that this mutation could alter the HAT activity of SAGA through some other mechanism. 
A comparison of which histones become acetylated by fluorography showed that introduction of the 
Ada3 mutations does not alter utilization of histone H3 as the primary histone target of SAGA (Figure 
S4). Additionally, the initial velocity kinetics of nucleosome acetylation by the SAGA Ada3–K8R 
K14R complex are significantly different from those of wild-type SAGA, yet are within the standard 
deviation of the kinetic behavior of the SAGA complex mutated in the Gcn5 bromodomain. 
Additionally, it is within standard deviation of the kinetic behavior of wild-type SAGA on 
nucleosomes containing a single H3 tail (Figure 5C), where previous work showed that both H3 tails 
within a nucleosome were necessary for cooperative nucleosome acetylation (Li and Shogren-Knaak, 
2008). These similarities suggest that all of these changes alter SAGA activity in a similar manner. To 
confirm this idea, an initial velocity kinetics experiment was performed with simultaneous changes in 
two aspects of the reaction – use of SAGA Ada3-K8R K14R as the enzyme and nucleosome 
substrates with only a single H3 tail in each nucleosome. Unlike the dramatic change observed with 
use of the Ada3 mutations (SAGA Ada3-K8R K14R) on standard nucleosome substrates (Figure 5B), 
the use of the same mutated SAGA complex did not significantly alter the saturation kinetics of 
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nucleosome acetylation on single H3 nucleosomes (Figure 5D). Because these changes are not 
synthetic, it suggests that each operates in the same pathway involved in generating cooperative 
nucleosome acetylation.  
 
Loss of Ada3 acetylation sites result in phenotypic and transcriptional defects 
    To determine the biological significance of Ada3 acetylation, the phenotypic and 
transcriptional effects of the Ada3-K8R K14R mutation were examined under conditions previously 
shown to be sensitive to the loss of SAGA activity. Plating experiments demonstrated that strains 
containing Ada3-K8R K14R did not exhibit obvious growth defects on YPD or synthetic complete 
(SC) media. However, when spotted on medium containing 2% sucrose, the Ada3-K8R K14R strain 
exhibited a slower growth rate than the WT ADA3 strain (Figure 6A). A significant growth defect was 
also observed when the Ada3-K8R K14R strain was grown on synthetic complete medium lacking 
tryptophan (SC – trp). These mutations also decrease the time-dependent induction of phosphatase 
enzyme activity that occurs when yeast cells are subjected to phosphate starvation conditions (Figure 
6B) (Barbaric et al., 2003). 
 
To investigate whether the observed phenotypic defects were due to transcriptional changes, 
we used quantitative reverse-transcription PCR (qRT-PCR) to assess the mRNA levels of genes 
involved in the relevant stress response pathways. SUC2 encodes an invertase enzyme that hydrolyzes 
sucrose and is induced when cells are grown in low glucose or sucrose-containing medium (Sarokin 
and Carlson, 1985). As shown in Figure 6C, there is a 2.5-fold reduction of SUC2 transcript in the 
Ada3-K8R K14R strain compared to the WT ADA3 strain, demonstrating that slow growth on 2% 
sucrose medium is due to down-regulated transcription of genes participating in sucrose utilizing 
pathways. PHO5 encodes a secreted acid phosphatase that is utilized in phosphate production and is 
tightly regulated in response to intracellular phosphate concentrations (Barbaric et al., 2003). For 
PHO5, qRT-PCR showed that its transcript was reduced 3-fold in the Ada3-K8R K14R strain 
compared to the WT ADA3 strain under phosphate depletion conditions (Figure 6C).  
 
To obtain a more comprehensive analysis of transcriptional effects of Ada3-K8R K14R, we 
performed transcriptional profiling using gene expression microarrays from both wild-type and 
Ada3-K8R K14R mutant cells grown in YPD media. In the Ada3-K8R K14R mutant, 96 genes were 
95 
 
down-regulated 2-fold or greater and 26 genes were up-regulated 2-fold or greater compared to the 
WT ADA3 strain (Table S2). By comparison with gene profiling data for ada2∆ (Hoke et al., 2008), 
there are 9 genes down-regulated 3-fold or greater by both Ada2 and Ada3 (Figure 6D), consistent 
with their shared roles in regulating Gcn5 HAT activity. Additionally, the majority of down-regulated 
genes are stress-responsive genes, in agreement with the function of SAGA in inducible gene 
transcription (Huisinga and Pugh, 2004).  
 
Discussion 
Our studies demonstrate that SAGA regulates its own activity through multimerization. As a 
prerequisite to this multimerization SAGA must undergo autoacetylation on its Ada3 subunit at 
lysines 8 and 14. The amino acids flanking these sites are highly similar to those surrounding lysine 
14 of histone H3 (Figure 1B), and likely facilitate the binding and acetylation of the Ada3 subunit by 
the Gcn5 active site (Rojas et al., 1999). However, the residues surrounding Ada3 K8 and K14 do 
show some differences. Those surrounding Ada3 K8 conform to a previously suggested Gcn5 
recognition consensus sequence (Rojas et al., 1999), and K8 acetylation can be predicted 
computationally from a published acetylation clustering analysis algorithm (Basu et al., 2009). The 
residues surrounding K14 differ slightly, but do share some similarities to another Gcn5-mediated 
acetylation site found in the Drosophila melanogaster protein ISWI, where a residue is inserted at the 
i-1 position in both sequences (Ferreira et al., 2007b). Additionally, for the Ada3 acetylation sites, the 
amino-terminal location and spacing of these sites is highly reminiscent of the acetylation sites lysine 
9 and 14 of the histone H3 tail (Figure 1B), suggesting that this portion of Ada3 could potentially act 
structurally and functionally like a histone tail. 
 
    Recent proteomic studies of eukaryotic proteins have revealed that lysine acetylation is 
widespread for both chromatin-associated and chromatin-independent proteins (Choudhary et al., 
2009). The function of this mark for the vast majority of these proteins is not known, but our results 
show that SAGA acetylation autoregulates its activity and proceeds mechanistically in a manner 
distinct from that of other eukaryotic lysine acetyl-transferases (KATs) (Black et al., 2006; 
Blanco-Garcia et al., 2009; Choi et al., 2003; Stavropoulos et al., 2008; Thompson et al., 2004; Wang 
and Chen, 2010). Unlike KATs such as p300 and TIP60, subunit autoacetylation of SAGA appears to 
facilitate protein associations, instead of dissociations (Black et al., 2006; Wang and Chen, 2010). 
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Further, the target of the induced protein interactions is unique, as SAGA autoacetylation facilitates 
homomultimerization, as opposed to either intra-complex interactions seen with Rtt109 (Stavropoulos 
et al., 2008), or binding to other complexes as shown with TFIIB (Choi et al., 2003). Targeting of this 
SAGA self-association appears to occur via cross-complex recognition of Ada3 acetylation by the 
bromodomain of the Gcn5 subunit. This self-association is a regulated process, as Ada3 acetylation 
does not occur to a significant extent under non-stress growth conditions. Indeed, under rich media 
growth conditions, isolated SAGA complex has been previously shown to have relatively little Ada3 
acetylation (Lee et al., 2005), and to exist as a monomer, as demonstrated by single particle 
reconstructive EM (Wu et al., 2004).  
 
In SAGA, the formation of this homomultimer directly affects its catalytic activity, making 
nucleosome acetylation cooperative. This behavior unifies the activity of SAGA with metabolic, 
transport, and signaling proteins, for which multimerization and cooperative substrate binding are 
central features of their action. Nonetheless, how SAGA multimerization leads to cooperative 
behavior is not clear. A number of different mechanisms could potentially connect these two features. 
However, any potential model would have to account for how interaction with one substrate would 
facilitate the interaction with at least one more substrate, and what the fundamental unit of substrate 
is. Our previous studies suggested that this substrate is an individual nucleosome that does not require 
neighboring nucleosomes. In such a case, at least two models for cooperativity can be proposed. If 
Ada3 acetylation and subsequent SAGA multimerization is fast relative to nucleosome acetylation, 
the multiple nucleosome interactions would occur via the SAGA multimer, where binding of one 
nucleosome facilitates the binding of at least a second nucleosome to the multimer. This model would 
be analogous to cooperative oxygen binding by hemoglobin and could formally be described 
mechanistically as occurring with sequential or concerted substrate binding (Changeux and Edelstein, 
2005; Koshland and Hamadani, 2002). Alternatively, if Ada3 acetylation occurs on the same 
timescale as nucleosome acetylation, the observed nucleosome cooperativity could reflect different 
extents of formation of a high-affinity SAGA multimer at different initial nucleosome concentrations. 
In this case, initial binding of a SAGA monomer to a nucleosome would facilitate Ada3 acetylation 
and/or SAGA multimerization, where higher initial concentration of nucleosome would lead to 
greater amounts of the tighter-binding SAGA multimer.  
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    With loss of Ada3 acetylation, cooperative nucleosome acetylation is also lost. Thus, in the 
Ada3 mutant strains, changes in chromatin structure and transcriptional machinery localization that 
result from changes in histone acetylation are likely to be a major contributor to the transcriptional 
and phenotypic defects observed. Still, the loss of Ada3 acetylation and SAGA multimerization 
themselves may contribute to these effects through additional mechanisms. The Ada3 subunit has 
been shown to have a role outside of modulating Gcn5 activity (Horiuchi et al., 1995a), and its 
acetylation might also influence this role. Additionally, multimerization of SAGA may have an 
important role outside of cooperative nucleosome acetylation. Protein multimers are a common 
feature of bound transcription activators (Georges et al., 2010), and recent work has shown that the 
ACF nucleosome remodeling complex functions as a dimer (Racki et al., 2009). Like transcription 
factor dimers, the increase in apparent nucleosome affinity in the SAGA multimer might enhance 
SAGA localization at a gene, facilitating its ability to perform functions besides acetylation, such as 
stabilizing the binding of general transcription factors through its Spt3 and Spt8 subunits (Mohibullah 
and Hahn, 2008). Like ACF, the SAGA multimer may also exploit the presence of multiple copies of 
the same functional domains. This could include the coordinated recruitment of multiple RNA 
polymerase II molecules through multiple copies of Spt3 and Spt8, and might include binding of 
multiple distal nucleosomes, creating unique higher-order chromatin structures. 
 
    The ability of the yeast SAGA complex to acetylate its Ada3 subunit to generate SAGA 
multimerization and cooperative nucleosome acetylation may be a general feature of SAGA-family 
complexes. All currently identified SAGA-family members are large, 1.8 MDa complexes. The gross 
structure of these complexes, such as yeast SAGA and human TFTC (Brand et al., 1999; Wu et al., 
2004), appear quite similar in single particle EM reconstructions, and is likely to be due to the nearly 
identical subunit composition of known SAGA-family complexes (Nagy and Tora, 2007). This 
conservation is absolute for the acetylation core of the complex, Gcn5, Ada2, and Ada3, and suggests 
that regulation of its acetylation activity could also be conserved. Indeed, recent analysis of the 
acetylation activity of a recombinant ADA2b/ADA3/GCN5L subcomplex of the human STAGA 
complex showed that the Ada3 subunit becomes acetylated during the course of nucleosome 
acetylation (Gamper et al., 2009). To what extent this autoacetylation of human SAGA complexes 
lead to their multimerization and cooperative nucleosome acetylation remains to be seen. However, it 
suggests that the novel mechanism of regulating yeast SAGA activity might also be employed by 
higher organisms to control cell growth, differentiation, and development.  
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Figure Legends 
Figure 1. SAGA acetylates Ada3 in vitro. (A) SAGA acetylation. 10 ng purified wild-type SAGA 
(lanes 3-4) or SAGA gcn5∆ (lanes 1-2) were incubated for 15 min in the presence or absence of 10 
mM acetyl-CoA in 20 µl total. The reaction components were resolved on a 10% 
SDS-polyacrylamide gel and analyzed with antibodies against acetyl-lysine (top panel), Ada3 (middle 
panel), and calmodulin binding domain (TAP-Spt7, bottom panel). (B) Amino acid sequences of the 
S. cerevisiae histone H3 and Ada3. H3 lysine 14 and Ada3 lysine 8 and 14 are highlighted in red, 
with flanking residues underlined. (C) and (D) Acetylation of Ada3 at lysine 8 and lysine 14 by the 
purified recombinant Ada2/Gcn5/Ada3 subcomplex. (C) 50 µg wild-type or mutated 
Ada2/Gcn5/Ada3 subcomplex were incubated with 50 µM [3H]acetyl-CoA (0.05 µCi/µM) in 20 µl 
total for 10 min at 30 °C. Total protein acetylation was determined by scintillation counting of 
filter-bound protein. (D) 10 ng wild-type or mutated Ada2/Gcn5/Ada3 subcomplex were incubated 
with 1 mM acetyl-CoA at 30 °C for 10 min. Products were resolved by 10% SDS-polyacrylamide gel 
electrophoresis and analyzed by Coomassie Blue staining (bottom panel) and Western blotting (top 
panel). (E) SAGA acetylation of Ada3 at lysine 8 and lysine 14. 10 ng wild-type SAGA and SAGA 
Ada3-K8R K14R were incubated with 1 mM acetyl-CoA at 30 °C for 10 min, 20 min, or 30 min in 20 
µl total. Reaction products were analyzed by 10% SDS-polyacrylamide gel electrophoresis and 
Western blotting. Asterisk: the strain Ada3-K8R K14R (as indicated by asterisk in figures) used in 
this thesis work was found to be Ada3-K8R K18R by DNA sequencing after one-year use, probably 
due to propagation from parental plates. 
 
Figure 2. SAGA acetylates Ada3 in vivo. (A) Ada3 acetylation at lysine 8 and lysine 14 in media 
containing sucrose as carbon source. Strains FY2031 (WT ADA3) and MSK199 (Ada3-K8R K14R) 
were grown in rich YPD media overnight and then switched to YP plus 2% sucrose media. Time 
points were taken at 1 hour, 2 hours, and 3 hours. Ada3-containing SAGA was immunoprecipitated 
with Calmodulin-sepharose beads and analyzed by 10% SDS-polyacrylamide gel electrophoresis and 
Western blotting. All lanes were run and analyzed on the same gel. Top panels show acetylated Ada3, 
bottom panels show TAP-tagged Spt7. (B) Requirement of Gcn5 in Ada3 acetylation under inducing 
conditions. Strains FY2031 (WT GCN5) and MSK198 (gcn5∆) were grown in YPD overnight and 
switched to YP plus 2% sucrose for 3 hours. All lanes were run and analyzed on the same gel. (C) 
Ada3 was acetylated at lysine 8 and lysine 14 in phosphate free (SC – Pi) media. Strains FY2031 (WT 
ADA3) and MSK199 (Ada3-K8R K14R) were grown in SC media containing high phosphate (SC + 
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Pi) overnight and then switched to phosphate free media (SC – Pi) for 3 hours. Cells were treated and 
proteins were analyzed as described in Figure 2A. Asterisk : the strain Ada3-K8R K14R (as indicated 
by asterisk in figures) used in this thesis work was found to be Ada3-K8R K18R by DNA sequencing 
after one-year use, probably due to propagation from parental plates. However, we used newly 
obtained Ada3-K8R K14R strain and got similar results.   
 
Figure 3. SAGA undergoes Ada3-acetylation dependent oligomerization in vitro. (A) Fluorescent 
polarization titration of Gcn5 binding to Ada3 dual acetylated peptide. The concentration of the 
corresponding fluorescein-labeled peptide used in each study was 10 nM. The dissociation constant 
derived is 212.93 ± 6.68 µM. (B) Analytical gel-filtration profile of Ada2/Gcn5/Ada3 subcomplexes. 
50 µg wild-type Ada2/Gcn5/Ada3 subcomplex (left panel) or mutated Ada2/Gcn5/Ada3-K8R K14R 
subcomplex (right panel) were incubated with 10 mM acetyl-CoA at 30 °C for 15 min followed by 
dialysis to remove acetyl-CoA. The reaction products were applied to a Superdex 200 gel filtration 
column. Red solid line, unacetylated Ada2/Gcn5/Ada3; blue dashed line, acetylated 
Ada2/Gcn5/Ada3. (C) Sedimentation equilibrium analysis of acetylated Ada2/Gcn5/Ada3 
subcomplex. Experimental sedimentation equilibrium data for absorbance as a function of relative 
radius squared for angular velocities of 8,000, 11,000 and 27,000 RPM are shown as circles. Best 
non-linear least square fits for an ideal single component system are shown as lines. This fitting gives 
a molecular weight of 347 KDa. (D) In vitro co-immunoprecipitation analysis of SAGA 
self-association. SAGA containing myc-Spt7 was immunoprecipitated by anti-myc antibody and 
protein A/G-agarose beads and was mixed with purified SAGA containing TAP-Spt7 in the presence 
or absence of acetyl-CoA. Supernatant (S) and bound (B) fractions were immunoblotted to detect 
myc-Spt7-containing SAGA with anti-myc antibody and TAP-Spt7-containing SAGA with anti-CBP 
antibody.  
 
Figure 4. SAGA exhibits Ada3-acetylation dependent self-association in vivo. (A) and (B) In vivo 
Ada3 acetylation promotes coimmunoprecipitation of TAP-Spt7-containing and myc-Spt7-containing 
SAGA. Haploid Strains containing TAP-Spt7 or myc-Spt7 or diploid strains containing TAP-Spt7 
and myc-Spt7 were either grown in (A) SC media containing high phosphate (SC + Pi) overnight and 
switched to phosphate free media (SC – Pi) for 3 hours, or (B) grown in YPD overnight and switched 
to YP plus 2 % sucrose for 3 hours. 6 % of total cell extracts from different strains as indicated were 
used as input. TAP purified SAGA complexes were used as IP fractions. Both input and IP fractions 
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were analyzed by Western blotting with the indicated antibodies. Asterisk : the strain Ada3-K8R 
K14R (as indicated by asterisk in figures) used in this thesis work was found to be Ada3-K8R K18R 
by DNA sequencing after one-year use, probably due to propagation from parental plates. 
 
Figure 5. Ada3 lysine 8 and lysine 14 acetylation are required for cooperativity in nucleosome 
acetylation. (A) The initial velocity of nucleosomal array acetylation per enzyme as a function of 
nucleosome concentration for Ada2/Gcn5/Wt Ada3 (solid circles) and Ada2/Gcn5/Ada3-K8R K14R 
subcomplex (open circles). At least three independent experiments were performed at each 
nucleosome array concentration. The average initial velocity data were fitted to a cooperativity 
saturation model to give a cooperativity constant of 1.63 ± 0.17 for Ada2/Gcn5/Wt Ada3 subcomplex 
(solid line) and 1.03 ± 0.11 for Ada2/Gcn5/Ada3-K8R K14R subcomplex (dashed line). Wild-type 
data were adapted from Li and Shogren-Knaak, 2009. (B) The initial velocity of nucleosomal array 
acetylation per enzyme as a function of nucleosome concentration for wild-type SAGA (solid circles) 
and SAGA Ada3-K8R K14R (open circles). Fitting of the data gives a cooperativity constant of 1.97 
± 0.15 (wild-type SAGA, solid line) and 0.47 ± 0.04 (SAGA Ada3 K8R K14R, dashed line). 
Wild-type data were adapted from Li and Shogren-Knaak, 2008. (C) Superimposition of initial 
velocity kinetic curves for wild-type SAGA, SAGA Gcn5-Y413A and SAGA Ada3-K8R K14R on 
wild-type nucleosomes as well as wild-type SAGA on nucleosomes containing a single H3 tail. Data 
for wild-type SAGA on wild-type nucleosomes and single H3 tail nucleosomes were from Li and 
Shogren-Knaak, 2008. Data for SAGA Gcn5-Y413A were adapted from Li and Shogren-Knaak, 
2009. (D) Comparison of HAT activity of wild-type SAGA (solid circles) and SAGA Ada3-K8R 
K14R (open circles) on single-tail nucleosome arrays. From the fitting of the data, for wild-type 
SAGA, the cooperativity constant is 0.86 ± 0.13, half saturation concentration is 79.5 ± 9.2 nM, and 
kcat,app is 1.54 ± 0.12 min-1. For SAGA Ada3-K8R K14R, the cooperativity constant is 0.65 ± 0.24, 
half saturation constant is 63.0 ± 14.8 nM, and kcat,app is 1.26 ± 0.25 min-1. Asterisk : the strain 
Ada3-K8R K14R (as indicated by asterisk in figures) used in this thesis work was found to be 
Ada3-K8R K18R by DNA sequencing after one-year use, probably due to propagation from parental 
plates. 
 
Figure 6. Loss of Ada3 acetylation sites affects growth and transcription under inducing conditions. 
(A) Comparison of cell growth for wild-type and Ada3 mutant strains. Strains FY2031 (WT ADA3), 
MSK197 (ada3∆), and MSK199 (Ada3-K8R K14R) were serially diluted 10-fold, and spotted onto 
106 
 
plates, and incubated at 30 °C for 2 or 3 days. (B) Comparison of phosphatase enzyme induction 
kinetics in wild-type and Ada3 mutant strains. The time course of phosphatase activity in strains 
FY2031 (WT ADA3), MSK197 (ada3∆), and MSK199 (Ada3-K8R K14R) was monitored by 
measuring the acid phosphatase activity at indicated times after a shift from high phosphate media to 
phosphate-depleted media. Data shown are an average of three independent measurements. (C) 
Transcript levels of SUC2 and PHO5 with loss of Ada3 acetylation. SUC2 and PHO5 mRNA levels 
in FY2031 (WT ADA3) and MSK199 (Ada3-K8R K14R) were measured by reverse transcription and 
real-time PCR (qRT-PCR) and normalized to ACT1 mRNA levels. All experiments were conducted 
in triplicates and error bars represent standard deviations. (D) Venn diagrams comparing sets of genes 
down-regulated 3-fold or greater from transcriptional profiling of Ada3-K8R K14R and ada2∆ 
mutant strains. The ada2∆ data were adapted from Hoke et al., 2008. Asterisk : the strain Ada3-K8R 
K14R (as indicated by asterisk in figures) used in this thesis work was found to be Ada3-K8R K18R 
by DNA sequencing after one-year use, probably due to propagation from parental plates. 
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Supplemental Information 
Supplemental Materials and Methods 
Affinity purification of Ada2/Gcn5/Ada3 subcomplex and SAGA complex  
QuikChange mutagenesis was performed on a plasmid encoding wild-type Ada2/Gcn5/Ada3 to 
mutate codon 8, 14, or boththe from lysine to arginine (Ada3-K8R; Ada3-K14R; Ada3-K8R K14R). 
The Ada2/Gcn5/Ada3 subcomplexes were expressed and purified as described previously 
(Balasubramanian et al., 2002). Protein concentrations were determined by comparison with known 
amounts of recombinant Gcn5 on 15% SDS-polyacrylamide gel and stained with Coomassie Blue.  
 
SAGA complexes were purified from yeast strains according to standard protocol (Wu et al., 
2004). Briefly, whole cell extract from 4 liters YPD culture was prepared by grinding them in liquid 
nitrogen and pre-cleared by ultracentrifugation. Cleared whole-cell extract was then applied to 
IgG-sepharose beads (GE Healthcare) followed by TEV protease cleavage (Invitrogen). Cleaved 
products were then incubated with calmodulin-sepharose beads (GE Healthcare) and eluted with 
EGTA. The final EGTA eluted products were concentrated to 100 µl. The integrity of the SAGA 
complex was determined by analysis on a 4-20% gradient gel visualized by Coomassie Blue staining. 
SAGA concentration was determined by comparative Western blotting against known amounts of 
recombinant Gcn5 using anti-Gcn5 antibody (sc-9078; Santa Cruz). 
 
Ada2/Gcn5/Ada3 Self-Acetylation Assay 
50 µg wild-type or mutated Ada2/Gcn5/Ada3 subcomplexes were incubated with 50 µM acetyl-CoA 
(0.05 µCi/µM [3H]acetyl-CoA) in 20 µl HAT buffer (50 mM Tris pH 7.5, 5% glycerol, 0.125 mM 
EDTA, 50 mM KCl, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride [PMSF], 10 mM sodium 
butyrate) at 30 °C for 10 min. A 10 µl aliquot of each reaction was spotted onto p81 filters 
(Whatman), which were then washed three times with washing solution (4 mM Na2CO3, 46 mM 
NaHCO3), dried and counted in a liquid scintillation counter.  
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Western Blotting Antibodies 
The following antibodies were utilized for Western blotting analysis: myc (A14 from Santa Cruz 
Biotechnology, 1:1,000), TAP (Open Biosystems, 1:2000), Ada3 (sc-6652 from Santa Cruz 
Biotechnology, 1:300), acetyl-lysine (cell signaling, 1:1,000), and Gcn5 (sc-9078 from Santa Cruz 
Biotechnology, 1:500). Horseradish peroxidase (HRP)-conjugated secondary antibodies (Bio-Rad) 
were used at a dilution of 1:5,000. 
 
Immunoprecipitation 
For SAGA immunoprecipitation, whole-cell extracts were prepared either by glass bead disruption or 
grinding in liquid nitrogen, and protein concentrations were determined by the Bradford assay 
(Bio-Rad). For partial purification of SAGA, whole cell extracts from strains were incubated with 
calmodulin-sepharose beads (GE Healthcare) for 4 hours at 4 °C. Beads were then washed with 
calmodulin binding buffer (10 mM Tris pH 8.0, 350 mM NaCl, 1 mM magnesium acetate, 1 mM 
imidazole; 2 mM CaCl2, 0.1% NP-40, 10% glycerol, 0.1% Tween, 2 µg/ml of pepstatin A, 2 µg/ml of 
leupeptin, 1 mM PMSF, 100 ng/ml TSA, 10 mM nicotinamide, and 5 mM sodium butyrate). Proteins 
were eluted by boiling in SDS sample buffer prior to Western blot analysis. 
 
For myc-Spt7-containing SAGA immunoprecipitation, the strain (myc-Spt7) was grown in 
YPD medium to an OD600 of 1.8-2.0. Whole cell lysate was pre-cleared with protein A/G-agarose 
beads (sc-2003; Santa Cruz Biotechnology), incubated with anti-myc antibody for 3 hours at 4°C and 
immunoprecipitated with protein A/G-agarose beads. The beads were washed with excessive amount 
of lysis buffer (40 mM HEPES pH 7.4, 350 mM NaCl, 10% glycerol, 0.1% Tween, 2 µg/ml of 
pepstatin A, 2 µg/ml of leupeptin, and 1 mM PMSF). For in vitro coimmunoprecipitation, the beads 
were incubated with 50 ng purified TAP-Spt7-containing SAGA in HAT buffer with or without 
acetyl-CoA (1 mM) at 30 °C for 2 hours. Beads were then washed extensively with HAT buffer. 
Proteins from boiled beads were resolved on 10% SDS-polyacrylamide gel and analyzed by Western 
blotting. 
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Analytical Gel-filtration Analysis 
50 µg Ada2/Gcn5/Ada3 subcomplexes or 10 µg SAGA complexes were incubated with either 0 mM 
or 10 mM acetyl-CoA in 100 µl HAT buffer at 30°C for 15 min followed by dialysis to remove the 
acetyl-CoA in elution buffer (50 mM Tris pH 7.5, 5% glycerol, 50 mM KCl, and 1 mM DTT). 
Dialyzed samples were concentrated to 50 µl, applied to the gel filtration column (Superdex 200 
10/300 GL for the Ada2/Gcn5/Ada3 subcomplexes), and eluted with elution buffer. Sample elution 
was monitored by 280 nm absorbance. Fractions were resolved by SDS-polyacrylamide gel and 
stained by Coomassie Blue. 
 
Sedimentation Equilibrium Analysis  
Samples of acetylated and non-acetylated Ada2/Gcn5/Ada3 subcomplex were prepared as described 
for gel filtration analysis with a final concentration of reductant of 0.1 mM TCEP, instead of 1 mM 
DTT. The samples were then analyzed on a Beckman XLA analytical ultracentrifuge. Absorbance 
data were collected at 280 nm at three speeds 8,000, 11,000 and 27,000 RPM. These data were 
globally fitted to various association models with fitting of background signal. The single-component 
model with dimeric mass provides the best fit as measured by smallest RMSD.  
 
Yeast Strain and Analysis  
Yeast strains were grown and manipulated using standard procedures (Rose et al., 1990). The Ada3 
mutants (ada3::URA3 and ada3::ADA3-K8R K14R) were constructed by PCR-based gene 
modification (Longtine et al., 1998). The ADA3 gene was deleted by homologous recombination with 
a PCR-generated URA3 sequence containing 60 bp of sequence flanking the endogenous ADA3 
coding region. The Ada3 mutant (ada3::ADA3-K8R K14R) was created by transforming the strain 
(ada3::URA3) with the ADA3-K8R K14R PCR product amplified from the bacterial expression 
plasmid described above. The integration of ADA3-K8R K14R was confirmed by PCR and 
sequencing.  
 
For growth analysis, all yeast strains were grown in YP plus 2% glucose (YPD, rich medium) 
at 30 °C. Cells were harvested at stationary phase, washed and resuspended in sterile water to an 
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OD600 of 1. 10 µl of serial 10-fold dilutions were spotted onto plates and incubated for 2 or 3 days at 
30 °C.  
 
Quantitative real-time PCR analysis  
For induction of the SUC2 gene, 50 ml cultures were grown at 30°C in YPD to an OD600 of 0.6-0.8 
and shifted to YP supplemented with 2% sucrose for 3 hours. For induction of the PHO5 gene, 50 ml 
cultures were grown at 30°C in synthetic complete (SC) media plus 1g/liter KH2PO4 (SC + Pi) to 
OD600 of 0.6-0.8 and shifted to SC medium plus 1g/liter KCl (SC - Pi) for 3 hours. Total RNA was 
isolated using RNeasy mini kit (Qiagen) and treated with DNase I (Qiagen). RNA was reverse 
transcribed to cDNA using oligo dT(12-18) primer (TaqMan reverse transcriptase kit, Applied 
Biosystems). cDNA was then added to the reaction mix containing 1x SYBR Green PCR Master Mix 
(Applied Biosystems), 5 µM of each primer. Cycles of amplification were as follows: 94°C for 2 min 
followed by 40 cycles of 94 °C for 15 seconds and 62 °C for 45 seconds. Quantities of SUC2 and 
PHO5 transcripts were normalized against the amount of ACT1 transcript. Primers used are as 
follows:  
PHO5,  
5’-GCAAGCAAATTCGAGATTACCAATG-3’ and  
5’-GCTAGTTTGCCTAAGGGAATGGTACC-3’;  
SUC2,  
5’-TGGGCTTCAAACTGGGAGTACAGT-3’ and  
5’-AAACGAGACCAGGGACCAGCATTA-3’;  
ACT1,  
5’-CTGTCGAGAGATTTCTCTTTTACC-3’ and 
5’-GCCCCTATTTATTCCAATAATATCG-3’. 
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Supplemental Tables 
Table S1               Strains used in this study 
Strain Genotype Source 
FY2031 MATa HA-SPT7-TAP::TRP1 ura3∆0 leu2∆1 trp1∆63 
his4-917δ lys2-173R2 
Fred Winston 
FY2039 MATα HA-SPT7-Myc leu2∆0 spt8∆302::LEU2 ura3-52 
trp1∆63 
Fred Winston 
MSK198 As for FY2031 but gcn5::URA3 This study 
MSK197 As for FY2031 but ada3::URA3 This study 
MSK199 As for FY2031 but ada3::ADA3-K8R, K14R This study 
MSK201 As for FY2039 but ada3::ADA3-K8R, K14R This study 
MSK211 MATa/ MATα HA-SPT7-TAP::TRP1/ HA-SPT7-Myc SPT8/ 
spt8∆302::LEU2 ura3∆0/ ura3-52 leu2∆1/ leu2∆0 trp1∆63/ 
trp1∆63 his4-917δ/HIS4 lys2-173R/LYS2 
This study 
MSK202 As for MSK211 but ada3::ADA3-K8R,K14R/ 
ada3::ADA3-K8R,K14R 
 
This study 
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Table S2. Genome-wide Profiling For Down-regulated Genes in Ada3-K8R K14R Mutanta 
Systematic Name Gene Name Mean Ratiob 
YDR176W NGG1 10.41 
YHR215W PHO12 7.90 
YAR071W PHO11 7.71 
YER067W RGI1 5.06 
YDR034C-A DDR2 4.36 
YBR093C PHO5 4.23 
YBR296C PHO89 4.22 
YOL101C IZH4 4.17 
YJL107C YJL107C 3.96 
YCR108C YCR108C 3.40 
YFR015C GSY1 3.39 
YCL027W FUS1 3.30 
YOL166W-A YOL166W-A 3.27 
YJL108C PRM10 3.24 
YBR054W YRO2 3.19 
YGR249W MGA1 3.13 
YDL049C KNH1 3.12 
YDR461W MFA1 3.08 
YPL019C VTC3 3.05 
YNL144C YNL144C 3.05 
YDR085C AFR1 3.03 
YIL015W BAR1 3.00 
   
a. Only genes down-regulated >3-fold in Ada3-K8R K14R mutant are shown. 
b. Ratio of signals in wild-type Ada3 to Ada3-K8R K14R mutant. 
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Supplemental Figures Legends 
Figure S1. Ada2/Gcn5/Ada3 acetylates Ada3. 5 µg purified Ada2/Gcn5/Ada3 subcomplex was 
incubated with 4 µCi [3H]acetyl-CoA in 40 ml HAT buffer for 2 minutes. The reaction components 
were resolved on a 15% SDS-polyacrylamide gel followed by fluorography analysis as described 
previously (Li and Shogren-Knaak, 2009). The Coomassie Blue stained gel (left panel) and 
corresponding fluorogram (right panel) are shown.  
 
Figure S2. Loss of Ada3 acetylation sites does not alter the incorporation of Ada3 into SAGA 
complex and its global level. (A) Comparison of purified wild-type (lane 1) and Ada3-K8R K14R 
(lane 2) SAGA complex with respect to subunit composition and subunit amounts. Equal amounts of 
complex were resolved on a 4-20% gradient gel and stained with Coomassie Blue. (B) The anti-Ada3 
antibody is roughly 2-fold less sensitive to Ada3-K8R K14R than to wild-type Ada3. 5-40 ng 
wild-type Ada2/Gcn5/Ada3 (lanes 1-4) or mutated Ada2/Gcn5/Ada3-K8R K14R subcomplex (lanes 
5-8) were electrophoresed on 15% SDS-polyacrylamide gel. Ada3 levels were detected either by 
anti-Ada3 antibody (top panel), or by Coomassie Blue staining (bottom panel). (C) Comparison of 
Ada3 subunit amounts in wild-type and Ada3-K8R K14R SAGA complex as determined by Western 
analysis. 200-400 ng (0.1-0.2 pmol) wild-type SAGA (lanes 3 and 4) or SAGA Ada3-K8R K14R 
(lanes 7 and 8) were resolved on 10% SDS-polyacrylamide and Ada3 was detected by anti-Ada3 
antibody. The loading amounts were determined by Gcn5 (anti-Gcn5) and Spt7 (anti-CBP). As a 
control, 20-40 ng (0.1-0.2 pmol) wild-type Ada2/Gcn5/Ada3 (lanes 1 and 2) and 
Ada2/Gcn5/Ada3-K8R K14R (lanes 5 and 6) were analyzed in parallel. For the same amounts of 
Ada3-K8R K14R in Ada2/Gcn5/Ada3-K8R K14R and SAGA Ada3-K8R K14R, anti-Ada3 antibody 
displayed similar recognition efficiency, which was a 2- to 3-fold reduction compared with wild-type 
Ada2/Gcn5/Ada3 and wild-type SAGA. Taking into account the 2- to 3-fold reduced efficiency of 
anti-Ada3 antibody for Ada3-K8R K14R (panel B), the data indicate equal amounts of wild-type and 
mutant SAGA complex are present. (D) Analysis of global Ada3 in strains FY2031 (WT ADA3) 
(lanes 1-4) and MSK199 (Ada3-K8R K14R) (lanes 5-7). Whole cell lysates were resolved on a 
4-20% gradient gel and analyzed by Western blotting as described in Figure S2C. Asterisk : the strain 
Ada3-K8R K14R (as indicated by asterisk in figures) used in this thesis work was found to be 
Ada3-K8R K18R by DNA sequencing after one-year use, probably due to propagation from parental 
plates. However, we used newly obtained Ada3-K8R K14R strain and got similar results.   
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Figure S3. Ada3 acetylation does not alter the composition of Ada2/Gcn5/Ada3 subcomplex. 15 µl 
samples from gel filtration fractions (0.6 ml) of (A) Ada2/Gcn5/WT Ada3 or (B) 
Ada2/Gcn5/Ada3-K8R K14R were resolved on a 15% SDS-polyacrylamide gel and stained by 
Coomassie Blue.  
 
Figure S4. Mutations of Ada3 acetylation sites do not change the histone specificity of SAGA.  A 
fluorogram showing the histone specificity of wild-type SAGA (lanes 1 and 3) or SAGA Ada3-K8R 
K14R (lanes 2 and 4) on wild-type nucleosomes (lanes 1 and 2) or single H3 tail nucleosomes (lanes 
3 and 4). The Coomassie Blue-stained gel (lower panel) and corresponding fluorogram (upper panel) 
are shown. Asterisk : the strain Ada3-K8R K14R (as indicated by asterisk in figures) used in this 
thesis work was found to be Ada3-K8R K18R by DNA sequencing after one-year use, probably due 
to propagation from parental plates. However, we used newly obtained Ada3-K8R K14R strain and 
got similar results.   
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Chapter 5. Summary of results and future directions 
 
Summary of results 
The yeast SAGA complex regulates inducible gene expression. One important function of 
SAGA in gene regulation is by catalyzing acetylation of nucleosomes at both gene promoters and 
coding regions. In my thesis work, the goal has been to fully understand how SAGA-mediated 
nucleosome acetylation is regulated in the context of chromatin and how this relates to expression of 
SAGA-dependent genes. To accomplish this goal, we performed histone acetyltransferase (HAT) 
kinetic assays using purified yeast SAGA complex, 208-12 nucleosomal arrays and [3H] acetyl-CoA. 
We found that SAGA acetylates nucleosomes in a highly cooperative manner with a cooperativity 
coefficiency of 1.97 ± 0.15, suggesting that binding of one nucleosome facilitates SAGA binding 
and/or acetylation of other nucleosomes. To understand the mechanism of SAGA-mediated 
cooperative nucleosome acetylation, we explored the requirement for the cooperativity from the 
following two aspects: substrate (acetyl-CoA and nucleosomes) and enzyme (SAGA subunits and 
protein domains).  
 
There are two substrates in the HAT reaction: acetyl-CoA and nucleosomes. As for 
acetyl-CoA, we examined if the cooperativity comes from SAGA’s increasing binding affinity to 
acetyl-CoA under higher nucleosome concentrations. Our kinetic assays showed that SAGA’s 
binding affinity to acetyl-CoA, as indicated by Km, does not change at both low and high nucleosome 
concentrations, suggesting that cooperativity does not come from changes in SAGA’s binding to 
acetyl-CoA, but instead from changes in activity toward nucleosomes. As the nucleosomal arrays 
used in our study contain 12 repeat units of nucleosomes, we utilized mononucleosomes as the 
substrate in the HAT kinetic assay to minimize complexity. We recapitulated the cooperativity with 
mononucleosomes, suggesting that SAGA-mediated cooperativity comes from non-contiguous 
nucleosomes. To further simplify the nucleosome system, we performed HAT kinetic assay with H3 
tail peptide, and our data demonstrated that the remaining parts of nucleosomes are essential for 
cooperativity, such as nucleosome globular domains, other histone tails and DNA portion. To test this 
hypothesis, we examined whether SAGA-mediated cooperativity could be rescued by placing the 
single H3 tail back into the remaining nucleosome parts, so called single H3 nucleosomes. Our HAT 
kinetic assays indicate that cooperativity requires both H3 histone tails within one nucleosome. 
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Further kinetic assay with H3gH4 tail swap nucleosomes suggests that cooperativity requires both H3 
tails to localize in their proper orientations. We also explored the factors necessary for cooperativity 
at the amino acid level, such as the lysine residues in the histone H3 tails. To test this idea, we 
generated histone H3 containing mutations of four lysine residues (K9, 14, 18, 23) and incorporated it 
into nucleosomes. By utilizing these nucleosomes as substrates, our HAT kinetic assays showed that 
the lysine residues of both H3 tails must be present to generate cooperativity.   
 
Furthermore, we addressed the subunit requirement of SAGA complex for cooperative 
acetylation. To examine this, we performed HAT kinetic assay with the SAGA catalytic core 
subcomplex consisting of Ada2, Ada3, and Gcn5, which has been shown to recapitulate most of 
SAGA’s activity and specificity. Our data showed that these three subunits are the minimal 
requirement for cooperativity. To probe which protein domains within these three subunits are 
essential for cooperativity, we generated a series of mutated subcomplexes and our analysis 
demonstrated that the Gcn5 bromodomain is necessary for cooperative nucleosome acetylation. Given 
that the Gcn5 bromodomain can bind acetylated nucleosomes, we initially thought that the Gcn5 
bromodomain contributes to cooperativity by facilitating SAGA binding to acetylated nucleosomes. 
To test this idea, we generated nucleosomes that contain four pre-acetylated lysine residues (K9, 14, 
18, and 23) in one H3 tail. Our HAT kinetic assays showed that although SAGA has a higher binding 
affinity to pre-acetylated nucleosomes, there is no cooperativity. An alternative function for the Gcn5 
bromodomain in cooperativity is that it binds to acetylated proteins other than nucleosomes such as 
SAGA itself. Thus, we examined whether SAGA can acetylate its own subunits. By incubating 
purified SAGA with acetyl-CoA, we found that SAGA acetylates its Ada3 subunit. By sequence 
alignment and mass spectrometry, we identified the target sites as lysine 8 and lysine 14 (Ada3 K8 
and K14). In vivo Ada3 K8 and K14 acetylation was observed only when cells were grown under 
stress conditions. Further biochemical and biophysical experiments showed that the SAGA complex 
forms multimers in an acetylation-dependent manner and this multimerization was probably mediated 
by Gcn5 bromodomain binding to acetylated Ada3 K8 and K14. To study the effects of Ada3 
acetylation on SAGA’s HAT activity, we performed kinetic assays with purified SAGA Ada3-K8R 
K14R, and our data suggest that Ada3 acetylation is required for the cooperative nucleosome 
acetylation. To explore the biological significance of Ada3 acetylation, we performed growth 
phenotype assays and transcriptional analysis. Our data suggest that Ada3 acetylation is required for 
cell growth under stress conditions and inducible gene expression. 
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In this thesis, we also explored the functions of the Gcn5 bromodomain in SAGA-mediated 
nucleosome acetylation besides cooperativity. HAT kinetic assay with nucleosomes pre-acetylated in 
single H3 tail, demonstrated that Gcn5 bromodomain enhances acetylation of an H3 histone tail when 
the other H3 tail within the nucleosome is already acetylated. Further kinetic assay with nucleosomes 
pre-acetylated at histone H4K16 showed that the Gcn5 bromodomain augments the acetylation 
turnover of nucleosomes previously acetylated at lysine 16 of the histone H4 tails.  
 
Future directions 
Because SAGA auto-acetylation is important to SAGA function both in vitro and in vivo, 
one area of future work is to understand the mechanism of Ada3 acetylation and how this 
auto-acetylation is regulated with respect to nucleosomes, SAGA protein domains, and other protein 
factors. Below I describe several areas of inquiry, where some preliminary results and future 
experiments I would like to start are described. 
 
Rpd3 deacetylates SAGA Ada3 acetylation 
Histone acetylation is a reversible process as the acetyl group can be removed from histones 
by histone deacetylases (HDACs). These HDACs function to reduce histone acetylation levels and 
create localized regions of repressed chromatin. To date, at least six HDACs have been characterized 
in yeast: RPD3, HDA1, HOS1, HOS2, HOS3, and SIR2 (Carmen et al., 1999; Kadosh and Struhl, 
1998; Pijnappel et al., 2001; Rundlett et al., 1996; Wang et al., 2002). To examine whether Ada3 
acetylation can be reversed by HDACs, we created a series of HDAC deletion strains (△rpd3, △sir2, 
and △hda1). Western blot analysis of immunoprecipitated SAGA from these strains showed that 
there is a remarkable increase in Ada3 acetylation in △rpd3 strain (Figures 1A and 1B). To further 
confirm the function of Rpd3 in deacetylation of Ada3, we purified Rpd3 complex by TAP 
purification and performed deacetylase assay on pre-acetylated Ada2/Ada3/Gcn5 subcomplex. Our 
analysis showed that Rpd3 complex deacetylates Ada3 in a time-dependent manner (Figure 1C).  
 
Rpd3 has been reported to exist in two distinct complexes in yeast: Rpd3 (L) and Rpd3 (S). 
These two complexes share three subunits: Rpd3, Sin3 and Ume1. Rpd3 (L) contains Rxt1, Rxt2, 
Pho23, Sap30, Sds3, and Dep1; while Rpd3 (S) contains Eaf3 and Rco1 (Keogh et al., 2005). Rpd3(L) 
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is primarily localized to gene promoters to repress transcription. Rpd3(S) is localized to coding 
regions of actively transcribed genes. To test which Rpd3 complex deacetylates Ada3, we disrupted 
Rpd3(L) function by deleting Rco1 and Rpd3(S) by deleting Sds3 (Biswas et al., 2008). Western blot 
analysis of SAGA immunoprecipitated from strains containing WT, △rpd3, △rco1, and △sds3 
showed that there are significant increase of Ada3 acetylation in △rpd3, △rco1, and △sds3 strains 
(Figure 1D). These data suggest that both Rpd3(L) and Rpd3(S) deacetylate Ada3.  
 
 
Figure 1. Rpd3 deacetylates Ada3 in vitro and in vivo. (A) Strains FY2031, △rpd3, △sir2 and △hda1 were 
grown in rich YPD media. Ada3-containing SAGA was immunoprecipitated with Calmodulin-sepharose beads 
and analyzed by 10% SDS-polyacrylamide gel electrophoresis and Western blotting. Top panels show 
acetylated Ada3, bottom panels show Ada3. (B) Strains FY2031 and △rpd3 were grown in SC media 
containing high phosphate (SC + Pi) overnight and then switched to phosphate free media (SC – Pi) for 3 hours. 
Cells were treated and proteins were analyzed as described in Figure 3A. (C) 60 ng wild-type Ada2/Ada3/Gcn5 
subcomplex was incubated with 10 mM acetyl-CoA at 30 °C for 15 min followed by dialysis to remove 
acetyl-CoA. 10 ng acetylated subcomplex was incubated with purified Rpd3 complex at 30 °C for 10 min, 30 
min, 40 min or 60 min in 20 µl total. Another 10 ng acetylated subcomplex was incubated with purified Rpd3 
for 60 min in the presence of 10 µM TSA. Products were resolved by 10% SDS-polyacrylamide gel 
electrophoresis and analyzed by Western blotting. (D) Strains FY2031, △rpd3, △rco1 and △sds3 were grown 
in rich YPD media. Ada3-containing SAGA was immunoprecipitated with Calmodulin-sepharose beads and 
analyzed by 10% SDS-polyacrylamide gel electrophoresis and Western blotting. 
 
 
Next, we will examine whether △rpd3 will rescue the Ada3-K8R K14R phenotype. We will 
construct △rpd3 strain harboring Ada3-K8R K14R. Plating experiments will be performed using WT 
RPD3, △rpd3, Ada3-K8R K14R and △rpd3 Ada3-K8R K14R strains as described in chapter 4. If 
△rpd3 could rescue Ada3-K8R K14R mutant, one possible explanation is that △rpd3 restores the 
128 
 
reduced nucleosome acetylation levels by Ada3-K8R K14R. To test this possibility, we will employ 
chromatin immunoprecipitation (ChIP) assay to examine the H3 acetylation levels in the promoter 
regions of SUC2 in wild-type, △rpd3, Ada3-K8R K14R and △rpd3 Ada3-K8R K14R strains.  
 
Intramolecular/intermolecular Ada3 acetylation 
Since Gcn5 and Ada3 are contained within the same SAGA complex, Ada3 might be 
acetylated by Gcn5 in the same SAGA molecule or Gcn5 in another SAGA molecule. In other words, 
Ada3 acetylation might happen in an intramolecular or intermolecular manner. To examine 
intermolecular acetylation, we will employ two distinct SAGA mutants that cannot undergo 
intramolecular Ada3 acetylation: SAGA △gcn5 and SAGA Ada3-K8R K14R. For SAGA △gcn5, 
Ada3 cannot be acetylated due to lack of Gcn5 catalytic subunit. For SAGA Ada3-K8R K14R, Ada3 
cannot be acetylated due to mutations in two acetylation sites (K8 and 14). We will mix equal 
amounts of these two SAGA complexes and incubate them with acetyl-CoA. If SAGA complex can 
undergo intermolecular acetylation, we will detect Ada3 acetylation.  Ada3 intramolecular acetyltion 
can be tested by determining whether its acetylation rate is affected by SAGA concentrations. If Ada3 
acetylation is intramolecular, its acetylation rate should not be affected by changes in SAGA 
concentrations. However, if Ada3 acetylation is intermolecular, its rate should increase with 
increasing concentrations of SAGA complex.  
 
Effects of nucleosomes on SAGA Ada3 acetylation 
In chapter 2, we have shown that SAGA-mediated cooperativity is affected by various forms 
of nucleosomes. In chapter 4, we have shown that this cooperativity comes from SAGA 
auto-acetylation and/or acetylation-dependent dimerization. The question arising is whether Ada3 
acetylation is affected by nucleosomes. 
 
To address this question, Ada3 acetylation assays were performed in the presence or absence 
of nucleosomes. Our preliminary data showed that Ada3 acetylation rate was enhanced by 
nucleosomes (Figure 2A, compared lanes 2 and 4), suggesting that nucleosomes augment SAGA’s 
activity to acetylate Ada3 either by changing SAGA conformation to facilitate intramolecular Ada3 
acetylation or increasing local concentrations of SAGA to facilitate intermolecular Ada3 acetylation. 
To examine the effect of nucleosomes on intramolecular and/or intermolecular Ada3 acetylation, 
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Ada3 acetylation assays will be performed with constant and saturating concentrations of 
nucleosomes as described in previous section.   
 
Next, we will examine the effects of various forms of nucleosomes on Ada3 acetylation. Our 
preliminary data showed that wild-type nucleosomes facilitate Ada3 acetylation much better than 
single tail nucleosomes (Figure 2B, compare lanes 2 and 3), suggesting that loss of cooperativity on 
single H3 tail nucleosomes might be due to reduction in Ada3 acetylation. Further Ada3 acetyltion 
assays will be performed with Tetra-Ac H3/Wt H3 and Tetra-Ala H3/Wt H3 nucleosomes to test their 
effects on Ada3 acetylation.  
 
Figure 2. Nucleosomes facilitate Ada3 acetylation. (A) 10 ng purified wild-type SAGA complexes were 
incubated at 30°C with 10 mM acetyl-CoA for 15 min in the absence (lane 2) or presence (lane 4) of 
nucleosomal arrays in a total of 20 µl. Reaction products were analyzed by 10% SDS-polyacrylamide gel 
electrophoresis and Western blotting. (B) 10 ng purified wild-type SAGA was incubated at 30°C for 15 min in 
the absence of nucleosomes (lane 4), or in the presence of wild-type nucleosomes (lane 2) or single tail 
nucleosomes (lane 3). Reaction products were analyzed by 10% SDS-polyacrylamide gel electrophoresis and 
Western blotting. 
 
 
The effects of SAGA protein domains on Ada3 acetylation 
After examining the effects of nucleosomes on Ada3 acetylation, we want to know how 
SAGA complex recognizes nucleosomes and how this relates to Ada3 acetylation. To explore this 
mechanism, we are interested in studying the effects of SAGA protein domains on 
nucleosome-mediated Ada3 acetylation. We will focus on protein binding domains and DNA binding 
domains as they might affect Ada3 acetylation by mediating nucleosomal histone binding and 
nucleosomal DNA binding. We will start with Ada2/Ada3/Gcn5 subcomplex and focus on 
bromodomain in Gcn5, and SANT and SWIRM domains in Ada2. We will construct subcomplexes 
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containing mutations in those domains and perform Ada3 acetylation assays. Next, we will introduce 
these mutatations into full SAGA complex and perform Ada3 acetylation assays. 
 
Nucleosome acetylation by human SAGA complex (hSTAGA)  
       As described in Chapter 1, the SAGA coactivator family is a group of highly conserved 
transcription factors in eukaryotic organisms. Our studies revealed that yeast SAGA complex 
undergoes acetylation-dependent multimerization, which contributes to cooperative nucleosome 
acetylation and inducible gene transcription. Given the fact that human SAGA (hSTAGA) complex 
contains 18 subunits of yeast SAGA (Nagy and Tora, 2007), we will examine whether hSTAGA 
complex acetylates nucleosomes in a similar cooperative manner. If hSTAGA complex can acetylate 
nucleosomes in a cooperative manner, more studies will be focused on requirement for cooperativity 
with respect to nucleosomes and hSTAGA complex similar to that performed on yeast SAGA 
complex.   
 
Roeder and his colleagues reported that hADA3 undergoes acetylation during nucleosome 
acetylation and the acetylation sites occur between residues 51 to 109 (Gamper et al., 2009). We will 
examine the hADA3 acetylation by mass spectrometry and point mutational analysis. Multimerization 
of hSTAGA complex will be examined by gel filtration chromatography and co-immunoprecipitation 
analysis. We will also investigate the biological significance of hADA3 acetylation and hSTAGA 
multimerization with respect to cooperative nucleosome acetylation, growth phenotype and 
transcription regulation using tools described in chapter 4.  
               
       Overall, this thesis provides a detailed kinetic study about the HAT activity of yeast SAGA 
and reveals a novel mechanism of inducible gene regulation by the SAGA complex. It also provides a 
foundation for future studies of its orthologs such as hSTAGA complex.  
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